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11  SUPPLEMENTARY  NOTES 

*1.  SPONSORING  MILITARY  ACTIVITY 

Eustis  Directorate 

Volume  I  of  a  two-volume  report. 

1*.  A  '.IT.UC  T 

U.S.  Army  Air  Mobility  R&D  Laboratory 

Fort  Eustis,  Virginia 

The  results  of  a  four-pliase  study  to  develop  helicopter  structural  crashworthiness 
analytical  and  design  techniques  are  presented.  Ihe  study  consisted  of  the  develop- 
ment  of  a  computer  program  (KRASK)  and  the  verification  of  a  mathematical  model  to 
predict  the  dynamic  response  during  a  survivable  accident  in  which  combined  vertical 
and  lateral  impact  velocities  are  present.  Included  in  the  study  were  a  literature 
survey  and  evaluation,  a  detailed  analysis  ;f  32  accident  cases,  a  drop  test  cf  a 
UK-1H  helicopter  with  ground  impact  condi ti-Tis  of  23  fpe  vertical  velocity  and  18 .6 
fps  lateral  velocity,  and  parameter  studies.  It  is  concluded  that  program  KRASH  is 
capable  of  accurately  predicting  the  dynamic  responses  during  a  multi -directional 
accident  and  that  the  program  is  a  valuable  tool  with  which  to  perform  design  trade¬ 
off  studies.  /.A  consistent  crashworthiness  design  criteria  approach  is  illustrated 
which  cons ider*  >Ee’~craeh  environment,  human  tolerance  limits,  structural  load 
deflection  characteristics  and  design  cost,  weight  and  geometry  penalties,  all 
treated  as  a  system.  It  is  recommended  that  a  combined  analytical  and  test  effort 
be  initiated  for  ths  purpose  of  determining  structural  element  nonlinear  behavior 
and  that  deterministic  methods  to  evaluate  crashworthiness  capability  of  present 
and  future  helicopters  be  used.  Further  recommendations  are  mode  regarding  mathe¬ 
matical  modeling  of  helicopters  other  than  the  UH-1H  and  for  additional  R&D  effort  to 
reduce  the  potential  c?  cabin  penetration  by  upper  mass  items,  i . e, ,  transmission, 
rotor  blade. 
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This  report  w*.s  prepared  by  lockheed-Californla  Company 
under  the  tents  of  Contract  MAJ02-71-C-0066.  The  Eustls 
Directorate  technical  monitor  for  this  effort  was  Mr.  S.  T. 
Slrgley  III  of  the  unitary  Operations  Technology  Division. 

The  purpcs*  of  this  effort  -as  to  develop  (1)  a  co^^terl  red 
aathiwtlccl  simulation  which  can  predict  the  dynamic 
response,  of  U„S.  Amy  helicopters  exposed  to  a  crash  envi¬ 
ronment  with  combined  vertical  and  latijal  Impact  velocity 
coaponents,  and  (2)  design  techniques  which,  *hen  iaptemented, 
will  enhance  occupant  survival  and  reduce  materiel  losses 
during  severe  yet  survlvahle  helicopter  accidents.  The 
contractor  achieved  these  objectives  by  (1)  conducting  litera¬ 
ture,  accident  data,  ;»d  organization-:.!  surveys,  (2)  developing 
a  40-mass,  240-dearee-of-freedna,  nonlinear  looped  mass  mathe¬ 
matical  model,  (3)  tailoring  the  model  to  represent  the 
dH-10/H  tlrcraft,  {4}  correlating  the  computerized  UH-1D/H 
mathematical  model  with  the  results  of  a  full-scale  UH-1D/H 
drop  test,  and  (5)  conducting  parametric  studies  to  analyze 
the  effect  of  design  changes  on  system  crashworthiness. 

This  report  contains  a  description  of  the  state-of-the-art 
surveys,  mathematical  model,  parametric  studies,  supporting 
testing,  and  results  obtained. 

The  conclusions  and  recomnendatlons  submitted  ,y  the  contractor 
are  considered  to  be  valid. 

Hu:  report  Is  divided  Into  two  voltes.  Volume  I  contains  a 
description  of  the  state-of-the-art  surveys,  mathematl cal  model, 
testing,  parametric  study,  and  results  obta  ined.  Voluna  II 
contains  abstracts  of  literature  reviewed,  a  conprehenslve 
description  of  the  mathematical  model,  a  user’s  quite  for  the 
coaputer  urogram,  and  tYe  full-scale  crash  test  Instrumentation 
and  photographic  data. 
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The  result*  of  a  four-phase  study  tc  develop  improved  rotary -wing  aircraft 
structural  crashworthiness  criteria  and  concepts  are  presented.  From  a 
summary  of  3657  U.  S.  A  .my  rotary- wing  aircraft  accidents  that  occurred 
between  1967  and  1971,  92. we  found  to  be  survivablf;  or  partially  sur- 
yivable.  Thirty-tvo  c-  irvivable  accidents  are  reviewed  in  detail.  The 
detailed  accident  investigation  results  are  summarized  with  regard  to  kine¬ 
matics,  structural  damage,  ana  personrel  injury.  A  literature  survey  is 
performed  which  consist*  of  a  review,  summary,  and  evaluation  of  32  tech- 
'  nical  reports  and  specifications . 

During  Fnase  H,  both  a  substructure  test  and  an  analysia  sure  performed  on 
a  P2V  fuselage  bumper,  and  the  results  are  compared  to  determine  the 
effectiveness  of  each  method  in  determining  energy  absorption  characteris¬ 
tics  of  aircraft  structure  and  to  ascertain  the  effect  of  the  rate  of  load¬ 
ing  on  the  nonlinear  load- deflection  characteristics  of  aircraft  structure. 
Included  in  Phase  II  is  the  development  of  a  digital  computer  program 
("KRA.SK")  which  is  capable  of  predicting  the  aircraft  structural  dynamic 
responses  resulting  from  a  crash  environment.  A  qualitative  assessment  of 
che  program's  capability  is  satisfactorily  performed  by  comparing  analyti¬ 
cal  results  with  previous  drop  teet  and  accident  data. 

Hie  details  of  the  Phase  HI  UH-1K  helicopter  drop  test  are  presented,  in¬ 
cluding  the  test  objectives,  preparations,  instrumentation,  aotographic 
coverage,  test  procedure,  and  data  reduction.  The  vehicle  ground  impact 
conditio?} s  are  23  fps  vertical  velocity  and  18.6  fps  lateral  velocity. 

The  test  included  2h  accelerometer  signals,  2  strain-gage  signals,  end  a 
calibrated  rod  to  view  deflection  of  the  fuselage.  Hie  results  of  the 
nest  are  presented  in  che  fern  of  acceleration  time  histories  and  peak 
values.  Included  is  a  description  and  photographs  showing  pos.tcrash  damage. 
Hie  drop  test  data  is  correlated  with  results  obtained  analytically  using 
program  "KRASh".  The  31  lumped  mass  analytical  model  used  in  the  correla¬ 
tion  is  described  in  the  report.  Hie  analytical  model  Includes  Dyru-ic 
Response  Index  (DRl)  measurements  at  the  forward  and  rear  fuselage  loca¬ 
tions. 

Parameter  studies..  - rformed  during  Phase  IV,  are  used  to  ascertain  the 
effect  of  changes  i  load  level  and/or  load  stroke  for  the  various  struc¬ 
tural  elements,  including  landing  gear  skids  lover  fuselage,  r-eat  a  yet/ .‘in, 
engine,  and  transmission  mounts  on  structure.,.  and  occupant  responses,  a 
consistent  design  criteria  approach  is  proposed  in  this  report,  and  the 
results  of  .*.he  parameter  variations  are  used  to  illustrate  the  manner  in 
which  toe  concept  can  be  applie.i  to  improve  crashworthiness  capability  of 
the  vehicle  to  the  75th  and  95th  percentile  potentially  survlvable  acci¬ 
dent  levels. 

The  results  of  the  study  are  presented  in  2  volumes.  Volume  I  contains  the 
discussion?  of  the  program  details  arid  results  which  lead  to  the  conclusions 
and  recommendations.  Volume  II  contains  the  supporting  test  and  analytical 
data  as  well  ac  a  complete  de script l  u  of  computer  program  XBASE  including 
a  User's  Guide  and  a  sample  problem. 
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This  report  was  prepared  by  the  Lockheed-Cali forctia  Company  under  U.  S. 
Army  Contract  DAAJ02-71-C»0066  (Task  1F162203A52902)  .  The  work  was 
administrated  under  the  direction  o:':  the  Eustis  Directorate,  U.  S.  Army 
Air  Mobility  Research  and  Development  Laboratory,  Fort  Eustis,  Virginia, 
with  G..  T,  Singley,  III.  acting  as  Project  Engineer. 

The  Lockheed-Califoraia  Company  ?,vograa  Leader  was  G.  Wittlin.  M.  A. 
Gamon  developed  the  digital  cca-puter  program  "KRASfi*  and  supporting 
analytical  procedures.  Digital  computer  programming  was  performed  by 
G.  Howell  under  the  direction  of  3.  McCorkle.  J,  Ryan  directed  the 
test  effort  ana  was  assisted  by  M.  Rapko.  Substructure  analysis  was 
performed  by  B.  Almroth  of  IMSC.  Consultation  was  provided  by  Messrs. 

J.  E.  Wignot  and  P.  C.  Dump. 

The  results  of  the  study  effort  were  enhanced  by  the  support  supplied  by 
the  following  organizations  and  personnel: 

•  U.  S»  Amy  Agency  for  Aviation  Safety  (USAAAVS),  Ft.  Rucker,  Ala. 
(it,  Col.  Darrah,  Col.  Kerfoot,  Col  Sncliff,  J.  Haley  and 

L.  Sand.) 

•  U.  S.  Nsval  Safety  Center,  Norfolk,  Vs.  (Cmdr.  Starbuck, 

J.  Cootubs). 

•  U.  3.  Army  Aviation  Systems  ConErand  (AVSCOM),  St.  Louis,  Mo. 

(Col.  Phillips,  R.  Oliver  snd  W.  Bmggenan). 

•  U.  S.  Amy  Aeronautical  Depot  Maintenance  Center  (ARADMAC), 

Corpus  Christi,  Texas  (Col.  Dillard,  G.  Startz), 

•  Directorate  of  Aerospace  Safety,  Norton  AFB,  California 
(Kaj.  Garbe). 

•  Dynamic  Science  (S.  Desjardins). 
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INTRODUCTION 


BACKGROUND 


Current  helicopter  design  criteria  are  based  on  independent  requirements 
for  structure  and/or  equipment  to  withstand  acceleration  levels.  In 
particular,  a  helicopter  fuselage  is  designed  with  the  lightest  structure 
which  will  meet  the  flight  and  ground  load  requirements,  yet  fulfill 
specified  missions.  As  a  result,  human  tolerances  to  acceleration  and,  the 
rate  of  change  of  acceleration  far  exceed  the  crashworthiness  capabilities 
of  the  helicopters  now  in  operation.  This  deficiency  has  been  attributed, 
in  part,  to  the  need  to  keep  structural  weight  to  z  minimum,  yet  fulfill 
mission  requirements.  However,  this  does  not  hide  the  fact  that  a  dis¬ 
proportionately  small  amount  of  effort  has  been  applied  to  a  consistent 
approach  to  airframe  structural  crashworthiness  design.  Ideally,  a  con¬ 
sistent  design  for  crashworthiness  means  that  the  design  is  such  that  the 
various  parts  of  the  structure  are  such  that  personnel  would  not  be  exposed 
to  incapacitating  injury  prior  to  expending  all  of  the  energy  absorption 
capability  of  the  structure.  With  consistent  structural  crashworthiness 
design  as  a  goal,  a  considerable  improvement  can  be  made  toward  providing 
a  design  that  will  provide  survivability  closer  to  the  95th  percentile 
accident  pulse  with  a  modest  weight  penalty. 

The  concern  for  occupant  survival  in  a  crash  situation  has  taken  on  an 
accelerated  pace  in  recent  years.  The  emphasis  has  changed  from  finding 
the  cause  of  the  accident  to  improving  the  chances  for  crash  survival. 
Research  conducted  hy  the  U.  S.  Arty  Transportation  Research  Command  * 
and  aviation  crash  injury  studies,  under  the  auspices  of  Government  agencies; 
has  yielded  significant  contributions  to  the  understanding  of  the  ability  of 
human  bodies  to  withstand  high  accelerations.  Numerous  tests  have  been 
conducted  to  determine  the  protection  afforded  occupants  by  the  design  and 
orientation  of  seats  during  simulated  crash  conditions.  Considerable  in¬ 
sight  into  the  cause  of  injuries  and  fatalities  has  been  gained  as  a  result 
of  the  crash  investigations  conducted  by  the  U.  S.  Arny  Board  for  Aviation 
Accident  Research  (U3ABAAR)**,  the  Federal  Aviation  Administration  (FAA), 
and  the  major  airframe  manufacturers.  The  knowledge  obtained  regarding 
restraints  such  as  seats,  belts,  and  harnesses  is  important  to  the  under¬ 
standing  of  the  problem  of  crashworthiness.  However,  it  is  only  one 
ingredient  which  must  be  integrated  with  other  areas  of  significance  in 
order  that  proper  crashworthiness  design  procedures  can  be  established. 


*  Now  the  Eustis  Directorate,  U.  S,  Amy  Air  Mobility  Research  & 
Development  Laboratory,  Fort  Eustis,  Virginia. 

Nov  the  U.  S.  Army  Agency  for  Aviation  Safety  (USAAAVS),  Fort  Rucker, 
Alabama. 


The  Banner  In  which  the  aircraft  kinetic  energy  developed  in  a  clash  is 
absorbed  can  have  a  significant  «rfeet  on  the  safety  of  the  occupant.  If 
absorption  is  to  be  accomplished  through  structural  deformation,  then  it 
is  desirable  to  make  the  deformation  as  large  as  possible  to  keep  the  loads 
under  which  the  deformation  occurs  at  a  constant  but  tolerable  level. 
Deformation  of  primary  structure,  providing  no  total  collapse,  will  attenu¬ 
ate  the  forces  that  are  transmitted  from  the  point  of  contact  to  the  occu¬ 
pant’s  section.  The  material  properties  and  uses  should  be  such  ae  to 
facilitate  predicted  structural  deformation.  In  addition  to  material 
properties,  the  fabrication  technique  can  influence  the  ability  of  the 
structure  to  absorb  the  energy. 

The  determination  of  design  procedures  can,  therefore,  be  seen  to  be  com¬ 
plex  due  to  the  fact  that  the  dynamic  response  of  structures  is  a  function 
of  many  parameters,  including  configuration,  fabrication  technique,  mater¬ 
ial  properties,  excitation  magnitude,  shape  and  duration  of  loads.  Con¬ 
sequently,  there  has  been  increased  interest  in  the  ability  to  model,  the 
structural  characteristics  of  aircraft  and  determine  the  dynamic  response 
to  measurable  excitation  functions.  Analyses  have  been  performed  and  re¬ 
sults  compared  to  test  data  and/or  accident  evaluation  reports.  Thus  far, 
gross  behavior  of  aircraft  structures  can  readily  be  ascertained.  However, 
ar»lysis  to  describe  detailed  structural  behavior  presents  some  problems. 

Crash  landings  result  in  structural  deformation  into  the  plastic  region. 

The  "state  of  the  art"  of  dynamic  analysis  in  this  regime  has  limitations 
with  regard  to  time,  size,  and  cost  of  analysis.  Tc  complicate  the  problem 
further,  crash  analysis  tc  date  primarily  hsa  considered  the  vertical  impact .  _ 
loads.  However,  accident  data  reveals  that  the  definition  of  lateral  and 
longitudinal  crash  loads  and,  consequently,  structural  responses  to  such 
loads  is  significant  and  must  be  included  in  a  crashworthiness  study  which 
is  oriented  toward  the  development  of  design  criteria  and  concepts. 

The  development  of  analytical  methods  which  can  accurately  predict  struc¬ 
tural  crashworthiness  in  the  initial  stages  of  aircraft  design  provides  a 
valuable  means  by  which  improved  occupant  survival  can  be  achieved  with 
mlnimm*  coat  and  weight  penalty.  Investigations  tc  date  have  shown  that 
the  following  characteristic  rotary-wing  aircraft  structural  inadequacies 
exist: 

1.  Structure  below  the  fuselage  floor  and  in  the  fuselage 
sides  permits  transmission  of  injurious  deceleration 
forces  to  the  seated  occupant. 

2.  Inadequate  fuselage  strength  to  maintain  a  protective 
shell  in  a  lateral  "rollover"  accident. 

3.  Insufficient  structural  strength  to  resist  inward  and  upward 
crashing  of  the  lower,  forward  fuselage  in  nose-down, 
longitudinal  impacts. 


4.  Inadequate  floor  ductility  that  causes  shear  and  tending 
fractures  especially  at  occupant  seat  location. 

5.  Inadequate  transmission  and  rotor  mast  tie  down  strength  resulting 
in  penetration  into  occupiable  cabin  volume. 

Although  several  analytical  and  experimental  studies  have  been  conducted  in 
recent  years,  there  is  still  a  need  to  resolve  the  effect  of  lateral  and 
longitudinal  crash  forces  when  combined  with  the  vertical  forces  that  are 
present.  Design  guides  that  have  developed  thus  far  will  be  limited  until 
such  time  as  the  complete  dynamic  response  during  crash  landings  can  he 
analytically  modeled  and  verified  through  actual  test  data.  To  develop 
design  criteria  which  will  enhance  occupant  survival  and  reduce  material 
losses  during  severe  yet  potentially  survivable  rotary-wing  aircraft 
accidents,  it  is  necessary  to  evaluate  the  existing  crash  data  and  current 
procedures  for  predicting  damage,  determine  the  dynamic  behavior  of  the 
airframe  structure  on  Impact,  and  determine  the  potential  benefits  of  mod¬ 
ified  designs  to  improving  crashworthiness. 

PROGRAM  OBJECTIVES 

The  objectives  of  the  program. described  herein  are: 

•  To  develop  a  computerized  mathematical  simulation  which  can 
predict  the  dynamic  response  of  U.  S.  Army  rotary-wing  aircraft 
when  exposed  to  a  crash  environment  with  a  combined  vertical- 
lateral  impact  velocity. 

•  To  develop  design  criteria  and  preliminary  design  concepts  which, 
when  implemented,  will  enhance  occupant  survival  and  reduce 
material  losses  during  severe  yet  survivable  rotary-wing  aircraft 
accidents. 

To  facilitate  the  achievement  of  the  stated  program  objectives,  the  study 
is  performed  in  four  technical  phases  as  follows: 

I  -  literature  survey  and  accident  analysis 

II  -  development  of  a  computer  program  end  simulation 

III  -  drop  test  verification 

IV  -  parametric  analysis 

The  specific  goals  of  each  phase  are  stated  below: 

Phase  I  Goals 

«  Evaluate  and  summarize  the  literature  that  is  pertinent  to  rotary- 
wing  crashworthiness  structural  design. 


•  Relate  the  cause  of  injury  to  structural  deficiencies. 

•  Establish  initial  impact  conditions  for  the  Phase  HI  drop  test. 

•  Provide  a  means  to  qualitatively  evaluate  the  analytical  program 
to  he  developed  during  Phase  II. 

•  Help  define  the  crash  environment  and  subsequent  hazards. 

•  Investigate  areas  in  which  improved  design  criteria  and  concepts 
-  can  be  utilized. 

Phase  II  Goals 


•  Evaluate  and  compare  analytical  and  test  methods  which  can  be 
utilized  to  determine  energy  absorption  characteristics  of  air¬ 
craft  structure. 

•  Determine  the  effect  of  rate  of  loading  on  the  load  deflection 
characteristics  of  aircraft  structure. 

•  Develop  an  analytical  model  which  will  be  capable  of  predicting 
the  aircraft  dynamic  response  resulting  from  a  crash  environment. 

•  Perform  a  qualitative  assessment  of  the  analytical  program’s  ability 
to  perform  a  crash  analysis. 

Phase  III  Goals 


•  Obtain  experimental  data  which  can  be  used  to  improve  and/or  verify 
prediction  methods. 

•  Establish  the  degree  of  accuracy  associated  with  the  analytical 
procedures. 

•  Show  the  limitations  associated  with  the  analytical  method. 

•  Indicate  possible  future  measurement  requirements  necessary  to 
further  improve  design  criteria. 

Phase  IV  Goals 


•  Establish  the  relative  significance  of  different  parameters. 

•  Show  the  extent  to  which  different  parameters  influence  the 
response. 


•  Develop  Improved  design  criteria  and  concepts 


•  Provide  a  means  by  which  design  criteria  can  he  updated. 
REPORT  FORMAT 


The  table  of  contents  conveys  the  general  plan  of  the  report.  The  study 
is  documented  in  two  volumes.  Volume  I  contains  the  discussions  of  the 
program  details  and  results  which  lead  to  the  conclusions.  Volume  II 
presents  the  supporting  test  and  analytical  data. 

The  background  information  is  presented  initially  to  provide  a  proper 
perspective  in  relation  to  the  objectives  of  the  program,  and  the  goals 
of  each  phase  which  are  discussed.  Volume  I  is  presented  in  a  Banner 
which  is  consistent  with  the  chronological  order  of  the  four  technical 
phases  and  includes: 

•  Crashworthiness  Analysis  of  Survivable  Helicopter  Accidents  and 
the  Survey  and  Evaluation  of  Technical  Reports. 

•  Substructure  Test  and  Analysis  and  the  Development  of  the  Digital 
Computer  Program  "KRASH". 

•  Experimental  Program  and  Correlation. 

•  Parametric  Studies  and  Design  Criteria. 

The  program  results  are  presented  in  summary  form  prior  to  the  conclusions 
and  recommendations . 

Volume  II  contains  supporting  data  for  the  details  presented  in  Volume  I. 
This  volume  contains  abstracts  for  the  32  technical  reports  reviewed  dur¬ 
ing  the  program.  Included  in  the  literature  survey  section  is  a  matrix 
categorization  of  the  reports  by  subject  and  applicable  area  of  interest. 

A  brief  description  is  presented  on  STAGS,  the  1MSC  computer  program  used 
to  perform  the  analysis  of  the  P2V-4  fuselage  bumper.  A  comprehensive 
description  of  program  KRASH  is  presented,  including  the  theory,  initial 
conditions,  the  User's  Guide,  snd  a  sample  problem.  Twenty-six  channels 
of  recorded  test  data,  thirteen  channels  of  filtered  data  and  forty-eight 
channels  of  integrated  test  data  and  film  data  are  presented  as  well  as 
additional  analytical  data. 


CRASHWORTHINESS  ANALYSIS  OF  SURVIVABLE  HELICOPTER  ACCIDENTS 


ACCIDENT  REVIEW  CRITERIA 

Two  indices  of  crashworthiness  which  are  proposed  in  References  (l)  and  (2) 
and  used  consistently /throughout  the  literature  are: 

1.  The  degree  of  cabin  collapse  under  standard  crash  conditions. 

2.  The  level  of  acceleration  experienced  by  occupants  during  the 
crash. 

Basically  the  structure,  to  be  considered  of  crashworthy  design,  must  pro¬ 
vide  a  protective  shell  around  the  occupant  while  allowing  the  structure 
to  collapse  to  some  degree.  In  addition,  the  structure  must  minimize  the 
level  of  acceleration  that  reaches  the  occupant,  'uch  that  it  will  be  below 
human  tolerance  limits. 

On  the  basis  of  program  objectives,  indices  of  crashworthiness,  accident 
types,  degree  of  structural  damage,  and  injuries  sustained  during  crash 
impacts,  the  criteria  that  were  established  for  determining  the  accident 
cases  to  be  selected  for  detailed  analysis  consisted  of  the  following: 

•  major  injury  to  personnel 

•  minimum  of  one  survivor 

e  helicopter  sustained  substantial  structural  damage 

•  utility  type  helicopter  (UH-ID/h) 

•  significant  information  available  in  the  data  befalc 


DEF3NITIC<3 


The  various  Government  agencies  from  which  accident;  data  were  obtained 
provided  computerized  summaries  and  narratives  of  the  accident  cases. 

The  terminology  most  commonly  \  ;ed  in  the  accident  records  is  defined 
below: 

Accident  Types 

Survivable  -  An  accident  is  survivable  if  the  crash  forces  imposed  upon 
the  occupants  are,  in  the  investigator's  best  judgement,  within  the 
limits  of  human  tolerance  and  all  portions  of  the  inhabitable  area  of  the 
aircraft  remain  reasonably  intact,  i,e.,  are  not  collapsed  sufficiently 
to  impinge  upon  or  crush  Yital  areas  of  a  person  in  a  normal  position. 


Bart lolly  Survlvable  -  Fatal  injuries  or  occupancy  of  an  inhabitable  area 
are  not  criteria  in  determining  survivability  of  an  accident.  For  example, 
if  the  front  seat  area  of  a  tandem  seat  aircraft  has  been  completely  de¬ 
molished,  but  structures  surrounding  the  rear  seat  area  were  virtually  in¬ 
tact,  the  accident  would  be  classified  as  partially  survivable  even  though 
the  rear  seat  occupant  was  fatally  injured.  The  accident  would  still  be 
classified  as  partially  survivsble  if  the  rear  Beat  was  unoccupied.  Thus, 
occupancy  or  non  occupancy  is  irrelevant  to  survivability. 


Konsurvivable  -  An  accident  is  nonmurvivable  when  impact  forces  exceed.  ■ 
human  tolerance,  and/or  all  inhabitable  areas  are  collapsed,  or  disinte¬ 
grated,  by  impact  to  a  degree  where  all  occupants  would  sustain  crushing 
injuries  of  vital  body  areas. 

Structural  Damage  Codes 

Alpha  (destroyed)  -  loss  or  damage  to  the  aircraft  which  renders  the  air¬ 
craft  of  no  further  value,  except  for  possible  salvage  of  parts.  Includes 
repairable  aircraft  which  must  be  surveyed  because  of  inaccessible  loca¬ 
tion,  or  aircraft  for  which  the  cost  of  repair  exceeds  the  standards  for 
economical  repair. 

Substantial  (major)  -  aircraft  damage  when  (l)  the  total  direct  man-hours 
required  to  effect  complete  repairs  to  the  aircraft,  at  any  level,  exceed 
the  substantial  damage  limits  of  500  direct  man-hours  (for  the  UH-l),  and 
(2)  destruction  or  damage  Is  beyond  economical  repair  to  a  ma^or  compon¬ 
ent,  requiring  Its  removal  and  replacement  with  a  new  component. 

Minor  -  aircraft  sustained  damage  requiring  between  100-499  direct  ran 
hours  to  repair  (for  the  UH-l). 


Limited  -  aircraft  sustained  damage  requiring  less  than  100  direct  man 
hours  to  repair  (for  the  UH-l). 


Injury  Classifications 

A.  Thermal  Fatalities  and  Injuries  -  Fatalities  are  considered  to  be 
thermal  when  the  primary  cause  of  death  is  established  as  due 
primarily  to  thermal  injuries.  Thermal  injuries  include  all 
persons  who  received  thermal  injuries  regardless  cf  degree  and 
exclusive  of  all  other  injuries  regsrdless  of  degree. 

B.  Nonthermal  Fatalities  and  Injuries  -  Fatalities  are  considered 
to  be  nonthermal  when  the  primary  cause  of  death  is  attributed 
to  other  than  thermal  injuries.  Nonthermal  injuries  include  all 
persons  who  received  injuries  which  did  not  involve  ary  degree 
of  burn. 
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C.  Major  Injuries  -  Any  injury  retiring  five  or  more  days  in  the 
hospital  or  quai*ters#  or  a  combination  of  both,  or  any  of  the 
following  without  regard  to  hospitalization: 

(1)  Uaconclousneas  due  to  trauma. 

(2)  Fracture  (open  or  closed)  of  any  bone,  other  than  closed 
fractures  of  the  phalanges  or  nasal  bones, 

(3)  Traumatic  dislocation  of  any  joint,  including  phalanges, 
or  internal  derangement  of  the  knee, 

(k)  Injury  to  internal  organs. 

(5)  Moderate  to  severe  lacerations  which  cause  extensive  hemorrhage 
or  require  extensive  surgical  repair. 

(6)  Third-degree  bums.  j 

I 

(7)  First- or  second-degree  bums  involving  more  than  5  percent  of 
the  body  surface. 

i 

D.  Other  Injuries  -  Other  injuries  include  the  categories  of  minor 
and  minimal. 

(l)  Minor  injury;  any  injury  which 

(a)  Results  in  hospitalization  or  sick  in  quarters  for  at 
least  one  day  but  not  more  than  four  days,  for  military .1 

| 

(b)  Results  -in  loss  of  regular  working  time  beyond  the  day  j 
or  shift  iu  which  injury  occurs,  for  civilian  personnel.) 


(2)  Minimal  Iijury:  any  injury  which  does  not  meet  the  criteria  < 
(above)  fi.r  r&jor  or  minor  injury.  j 


DATA  SOURCES 


Accident  records  were  obtained  from  the  following  three  sources: 

•  U.  S.  Army  Agency  for  Aviation  Safety  (USAAAVS),  Ft.  Rucker 

•  U.  S.  Naval  Safety  Center,  Norfolk,  Virginia 


,  Alabaoi 


•  Directorate  of  Aerospace  3afety,  Norton  AFB,  California 


USAAAVS  and  the  'J.  S.  Naval  Safety  Center  were  visited  at  the  onset  of  the 


■.* 


program.  The  Directorate  of  Aerospace  Safety  did  not . permit  access  to 
their  files:  however,  a  computer  printoit  of  accident  narratives  vas 
supplied  for  the  study.:  In  addition  to  (the  Government  agencies  noted 
above,  visits  were  made  to  the  following  organizations: 

•  U.  S.  Amy  Aviation  Systems  Command  (AVSCGM),  St.  Louis,  Missouri 

f  j 

•  U.  S.  Amy  Aeronautical  Depot  Maintenance  Center  (ARADMAC),  Corpus 
Chrlsti,  Texas  : 

•  Dynamic  Science,  Rxoenix,  Arizona,’ 

From  USAAAVS,  a  summary  of  3657  rotazyJwing  accidents  during  fiscal  years 
1967  through  1971  was  obtained.  The  summary  included  utility,  cargo  and 
light-observation  helicopters.  A  computer  search  performed  by  USAAAVS  for 
the  more:  recent  accidents ; yielded  30  cases  which  met  the  damage  and  injury 
criteria!  established  for  the  accident  review.  In  addition,  a  study  of 
accident!  cases  compiled  by  J.  Haley  ofi  U3AAAVS33 f  consisting  of  135  utility] 
(UH-li)/Hj),  33  light-observation  (0H-6)j,  and  17  cargo  (CH-47)  helicopters, 
was  also! used  in  the  selection  of  accident  cases  to  be  analyzed.  From 
the  information  presented,  details  frem  a  total  of  25  accident  case  records 
were  requested  for  review.  All  the  ce  see  were  UH-1D/h  helicopter  accidentsj. 

At  the  ul  S.  Naval  Safety  Center  the  data  records  group  had  compiled  in 
excess  of  1,000  accident  narratives  for  review.  From  this  total,  15^  were 
classified  as  major  accidents  in  which  substantial  structural  damage  or 
injury  occurred.  The  major  accident  jiarratives  were  reviewed  and  20  cases 
were  s  ;1<  :cted  for  detailed  analysis .  !  A  review  of  the  selected  cases 
yieldel  only  3  cases  which  were  incorporated  into  the  accident  analysis. 

The  da  ;a  obtained  from  the  narratives!  were  used  in  a  summary  of  miBhap 
causes  Types,  and  phases  of  operaticln. 

<  j 

The  Directorate  of  Aerospace  Safety  eft  Norton  Air  Force  Base  provided  an 
accident  data  Computer  summary  for  tfye  study.  Narratives  from  20  cases 
were  included. 1  Four  accident  cases  ^ere  used  in  the  detailed  analysis. 

;  1  : 

At  ARAI  MAC  it  4ae  learned  that  the  aircraft  that  are  sent  there  are  selected 
on  the  L>asie  of  a  "cost-to-repair"  efiperion.  If  the  repair  estimates  are 
in  exce  sis  of  $^5K  for  the  fuselage,  or  $l40K  for  the  total  aircraft,  then 
the  &ir:rait  is,  considered  to  be  "ecbnolnically',  non  repairable.  On  the 
basis  0  this  cost  criterion,  the  types  o?  structural  damage  that  would  be 
most  us  sjkil  to  the  analysis  to  be  performed  in  the  program  are  not  avail¬ 
able  at  ^RAiDMAC.  It  had  been  anticipated  that  severely  damaged  main 
frames  1  ,nd  bulkheads,  from  which  measurable  deformation  could  be  obtained 

and  reliited  to  modes  of  failure,  would  be  available  for  inspection. 
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Nine  aircraft  which  were  considered  to  be  too  severely  damaged  for  ARADMA 
to  repair  were  visually  examined.  The  observation  of  these  aircraft  In¬ 
dicated  severe  damage  to  secondary  structure,  'loss  of  trenemiseion  at  the 
mounts,  loss  of  landing  skids,  and  Inverted  impact.  The  damage  in  the 
forward  section  of  two  aircraft  was  total,  Indicating  severe  plowing  or 
longitudinal  forces. 

ANALYSTS  OF  ACCIDENT  DATA 


The  analysis  of  accident  records  consisted  of  a  review  of  the  accident 
narratives,  witness  comments,  medical  reports,  and  photographs  of  the 
damaged  structure.  Good  photographs  in  particular  are  very,  valuable  in 
accident  evaluation.  To  assist  in  accident  analysis,  several  guidelines 
were  formulated  based  on  information  obtained  from: 

•  Static  test  data 

•  Structural  design  requirements 

•  Human  tolerance  limits 

•  Structural  energy-absorbing  capability 

•  Previous  crashworthiness  studies 

•  Accident  investigation  experience 

To  facilitate  the  accident  review,  an  accident  worksheet  was  developed  for 
the  program.  The  worksheet  is  a  refinement  from  a  similar  format  presented 
in  Reference  3.  The  worksheet  shewn,  Figure  1,  provides  for  a  description 
of  the  impact  conditions,  aircraft  behavior  after  ground  contact,  injury 
data,  and  structural  damage  sustained  during  the  accident. 

The  accident  analysis  was  conducted  using  the  following  information: 

35  narratives  of  acc  Ident  caste  from  US AAA VS 

154  narratives  of  majir  accidents  from  the  U.  S.  Naval  Safety 
Center 

20  narratives  of  accidents  from  the  Directorate  of  Aerospace 
Safety 

25  detailed  accident  cases  fretn  USAAAVS 

3  detailed  accident  caaee  from,  the  Naval  Safety  Center 

4  detailed  accident  cases  from  the  Directorate  of  Aeroipace 
Safety 

1  sunanary  of  365?  U.  3.  Army  rotary-wing  aircraft  accidents 
between  the  period  1967  -  71 

1.  summary  of  185  U.  3.  Army  rotary -wing  aircraft  accident 
cases  compiled  by  J.  Haley  cf  USAAAVS 


1.  Case  No. 

2.  Impact,  Conditions: 


Longitudinal  Velocity,  fps _  Flight  Path  Angle,  deg  _ 

Vertical  Velocity,  fps  __ _ _  Pitch  Angle,  deg 

lateral  Velocity,  fps _  Roll  Angle,  deg _ 

Yaw  Angle,  deg  _ 

3.  Aircraft  Behavior  After  Ground  Contact 

Longitudinal  Distance,  ft  _ 

lateral  Distance,  it 
Lv.eral  Roll 
Forward  Roll 
Plowing 
Skid/Bounee 
Postcrash  Fire 
Miscellaneous 

4.  Injury  Data  Fatal  Major  Minor 

Total  No.  Aboard _  Type  of  Injury: 


3?erscnnei 

Injury 

Cause 

5 .  Structural  Damage 
landing  Skid 
Transmit  ion 
Engine 
Seats 

Main  Rotor  Blade 

i 

I  6.  Comments 


Tail  Rotor  Blade 

Nose  Structure 

Upper  Fuselage  Structure 

Lower  Fuselage  Structure 

Miscellaneous 


None 


Figure  1.  Helicopter  Accident  Data  Sheet 


The  data  was  analyzed  to  determine  a  summary  of: 

•  Accident  causes 

•  Accident  types 

•  Phases  of  operation 

•  Impact  conditions 

•  Structural  damage  sustained 

•  Personnel  injury  experience 

The  emphasis  on  the  detailed  analysis  vas  placed  on  the  UH-1B/h  utility 
type  aircraft  since  the  accident  analysis  was  to  assist  in  the  develop¬ 
ment  of  an  analytical  model  which  is  to  he  verified  with  test  data 
obtained  by  drop  testing  a  UH-1D/h  helicopter. 

RCTAH7-WIHG  ACCIDENT  SUMMARIES 
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Figure  2  is  a  summary  of  mishap  causes,  types,  and  phaseB  of  operation  in 
which  the  mishaps  occurred.  The  data  is  compiled  from  Ijk  Naval  Safety 
Center  and  Air  Force  accident  narratives.  Neglecting  mishaps  attributed 
to  combat,  the  predominant  causes  of  accidents  are  pilot  factor  (4o), 
material  failure  or  malfunction  (4o),  and  personnel  error  or  maintenance 
(25).  These  causes  represent  23$,  23$  and  14.5$,  respectively,  of  the 
total  reported.  Noneoaibat  type  mishaps  are  associated  primarily  with 
system  failures  (43)  end  collisions  with  either  the  ground,  water,  or 
objects,  or  hard  landings  (38).  These  represent  25$  and  22$,  respectively 
of  the  total  cases  reviewed.  In  31  cases  (17$),  the  type  of  accident  is 
undefined.  The  phase  of  operation  is  generally  in-flight  (103),  landings 
(32),  or  takeoff  (16)  during  field  operations.  Combined,  these  represent 
87$  of  the  total.  The  autorotaticn  phase  of  operation  accounts  for  5.8$ 
of  the  cases  presented. 

In  Reference  33,  1045  S.  Army  accidents  are  summarised  for  the  period 
between  January  1967  and  December  1 969.  Occurrences  by  phase  for  these 
cases  are; 


Simulated  (training)  and  emergency  autorctations  39*2$ 

landing  18.1 

Reposition  16.5 

In  Flight  11.0 

Takeoff  8.9 

Others  6.3 


A  comparison  of  the  two  sets  of  data  (1045  U.  S.  Amy  cases  and  1?4  Navy 
and  Air  Force  cases)  indicates  different  mixes  with  regard  to  phase  of 
operation  on  which  reported  accidents  occurred.  The  difference  in  good 
part  is  attributed  to  the  manner  In  which  each  agency  reports  accidents. 
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In  the  case  of  the  Naval  Safety  Center  records,  there  are  several  causes, 
types,  and  phases  associate^  with  each  accident.  In  some  instances  the 
initial  cause  of  the  mishap! may  "be  misleading.  For  example,  an  initial 
malfunction  may  he  responsible  for  the  pilot's  reaching  a  position  whereby 
the  vehicle  strikes  an  objefct  or  makes  contact  with  the  ground.  The 
initial  cause  of  the  accident,  under  these  circumstances,  may  not  be  con¬ 
sidered  the  primary  cause  ajs  reported  elsewhere.  Another  inconsistency 
between  the  reporting  methods  of  the  agencies  is  in  the  use  of  all-encom¬ 
passing  terms.  For  example!,  the  "in-flight"  phase  as  denoted  by  one 
agency  might  be  segmented  into  repositioning,  training,  and  in-flight  by 

another  agency.  : 

| 

Figure  3  is  a  summary  of  3657  U.  S.  Army  rotary-wing  accidents  between 
I967  and  1971.  SurviYsble  jand  partially  survivable  accidents  account  for 
approximately  89$  and  4$,  respectively,  of  all  accidents.  'Thus  non- 
survivable  accidents  accounjfc  for  7$  of  the  total  number  of  accidents. 

These  percentage  figures  are  approximately  the  same  as  the  figures  reported 
by  the  Arny  for  the  time  period  between  1961  and  1965.  A  review  of  sur¬ 
vivable  accidents  reveals  that  in  these  types  of  accidents,  4.3$  of  the 
persons  receive  fatal  injuries,  7*3$  sustain  major  injuries,  18.4$  exper¬ 
ience  minor  or  lesser  injuries,  and  70$  escape  injury.  These  figures 
compare  favorably  with  injury  experience  in  2546  U.  S.  Army  rotary-wing 
accidents  reported  between  i.967  and  1 969  in  Reference  33.  Basically,  the 
mix  between  survivable  and  iionsurvivable  accidents  has  not  changed  in 
the  last  decade.  The  ratio  -of  fatalities  and  injuries  to  total  persons 
involved  has  remained  about  the  same  since  1967.  Bata  from  756  survivable 
Army  accidents  for  the  time  period  I96I-65,  reported  in  Reference  18, 
reveals  that  cf  2068  occupants  involved,  1.5$  sustained  fatal  injuries, 

18.5$  sustained  major  or  minor  injuries,  and  80$  escaped  without  injury. 
These  figures  reveal  that  despite  increased  R  &  B  emphasis  on  crashworth¬ 
iness  in  recent  years,  the  personnel  involved  in  survivable  accidents  today 
are  no  better  able  to  escape  Berious  injury  than  they  were  before.  Although 
it  is  true  that  the  accident  rate  per  aircraft  hours  utilized  has  decreased 
substantially  during  this  time  period,  the  design  of  a  crashworthy  aircraft 
which  enhances  occupant  survivability  has  not  progressed  as  significantly 
as  one  would  believe,  despite  improvements  in  personnel  equipment  and 
restraint  systems. 
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MISHAP  CAUSE 

Environosnt /Unsafe 
Condition* 

Notarial  Pail ire/ 
Malfunction 
Pilot  Factor 

Personnel  Error/ 
Maintenance 
Undetermined 

Misc.  (weather,  design 
deficiency,  airport 
facility) 

MISHAP  TYPE 

Ordinance/Stores 

System  Failure/ 
Malfunction 

Undefined 

Collision  With  Ground 
Colli  ft  ion  With  Water  • 

Collision  With 
Objects/  Facilities 
Hard  Landings 
Misc.  (Airframe 
Failures,  Fire/ 
Explosion) 

PHASE  OF  OPERATION 

In  Flight  (Field) 

Landing  (Field) 

Takeoff  (Field) 

Autorotation 

In  Flight  (Ship) 

Misc.  (Static, 

Takeoff  &  Landing 
(Ship) 


Figure  2.  U.S.  Navy  and  Air  Force  Rotary-Wing  Accident  Data  Summary. 


RESUI/TS  C g  DETAILED  ACCIDENT  HfiTESTIGATIOS 


Table  I  presents  a  comprehensive  summary  of  the  results  of  the  detailed 
accident  investigation  performed  using  32  accident  cases.  The  table  is 
divided  into  several  key  areas  which  are  considered  e"  it-ial  to  accident 
analysis,  including: 

•  kinematics 

•  structural  damage 

•  personnel  injury 

The  table  is  segmented  as  follows: 

Column  1,  case  identification 

Columns  2  through  11,  impact  conditions,  including: 

longitudinal,  vertical  and  lateral  velocities 

flight  path  angle 

pitch,  roll  and  yaw  angles 

yaw  rotation  notation 

operational  phase  (hovering  or  autorotation) 

Columns  12  through  18,  aircraft  ground  behavior,  including: 

postcrash  fire 

lateral  or  forward  roll 

nose  or  inverted  impact 

plowing 

skid  or  bounce 

rotation  about  vertical  axis 

Columns  19  through  31*  structural  damage  date,  including: 

landing  skids 
transmission 
engine 
seats 

main  rotor  blade 

tail  boom 

tail  rotor  blade 

nose  Structure 

upper  cabin  structure 

lower  fuselage  structure 

side  structure 

rotor  blade  and  transmission  penetration  of  cabin 
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Columns  32  through  36,  injury  types,  including  the  number  of: 

persons  involved 
fatalities 
major  injuries 
minor  injuries 
no  injuries 


Columns  37  through  44,  primary  causes  of  accidents,  including  the  number 
attributed  to: 


deceleration  forces 
struck  by  object 

transmission  or  rotor  blade  penetration 
structure  crushing  and/or  collapse 
personnel  impact  with  equipment  and/or  ejection 
fire 

suspected  drowning 
unknown 

Columns  45  through  4Q,  factors  contributing  to  injury,  including: 

nonuse  or  loss  of  helmet 
restraint  not  used 
shoulder  harness  not  used 
tie-down  chain  failure 
postcrash  egress  difficulty 

Columns  50  and  51,  blade  contact  with: 

object 

ground  - 

other  aircraft 


1 
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Columns  52  through  55,  terrain  at  site  of  accident,  including: 

water 
hard  soil 
soft  soil 
trees  and  brush 

Column  56,  number  of  photographs  that  were  available  for  the  case  study. 
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TERRAIN 


Kinematics 


In  developing  an  understanding  of  the  manner  in  which  a  helicopter  sustains 
structural  damage  and  the  personnel  sustain  injuries  during  a  crash,  it  is 
important  to  ascertain  t.  c  condition  under  which  accidents  occur.  One  of 
the  more  interesting  determinations  from  the  accident  review  is  that  in 
approximately  two-thirds  of  the  cases,  the  aircraft  main  rotor  blades  or 
tail  boom  is  noted  to  have  made  contact  with  a  tree  or  the  ground  prior  to 
what  is  generally  considered  to  he  the  crash  impact.  This  initial  contact 
by  the  main  blade,  or  tail  section,  significantly  affects  the  aircraft  pitch, 
roll  and  yaw  motions  and,  consequently,  Influences  the  helicopter  crash 
environment.  For  example,  the  loss  of  the  tail  boom  deprives  the  helicopter 
of  its  ability  to  balance  a  main  rotor  blade  developed  torque  which  is  in 
excess  of  10,000  ft-lb.  As  a  consequence  of  losing  the  tail  boom  or  rotor, 
the  aircraft  will  spin  uncontrollably.  This  phenomenon  is  understandable 
when  one  realizes  that  the  aircraft  can  develop  a  rotational  acceleration 
of  .37  rad/sec^  due  to  the  loss  of  torque  control  and  considering  the 
aircraft’s  yawing  mass  moment  of  inertia.  The  data  shows  that  there  is  a 
strong  correlation  between  the  aircraft  yawing  at  impact,  tail  boom  or 
rotor  damage,  and  rotation  on  the  ground  after  impact.  The  loss  of  the  tail 
boom  also  affects  aircraft  pitching  motion  since  the  tail  section  accounts 
for  approximately  10$  of  the  total  aircraft  pitching  mass  moment  of  in¬ 
ertia.  The  damage  to  the  tail  section  results  in  a  nose-down  aircraft 
attitude,  and  depending  on  the  proximity  of  the  a '.re  raft  to  the  ground,  the 
main  rotor  can  contact  either  the  ground  or  the  portion  of  the  tail  section 
attached  to  the  helicopter.  The  damage  that  the  rotor  blade  imposes  upon 
the  structure  and/or  occupants  is  dependent  upon  the  location  of  the  blade 
during  its  rotation  at  the  time  the  blade  strikes  the  ground. 

Another  phenomenon  that  is  noted  to  occur  frequently  is  a  lateral  rollover. 
Thii  condition  occurs  in  approximately  one-third  of  all  accidents.  Roll¬ 
overs  of  this  nature  are  attributed  to  the  presence  of  side  forces  resulting 
from  a  lateral  impact  velocity.  Similarly,  forward  rollovers  are  associated 
with  high-forward-velocity  components. 

Lateral  velocities,  estimated  from  14  accidents,  are  shown  to  have  mean  and 
average  values  of  13  fps  and  14.3  fps,  respectively.  Vertical  velocities 
estimated  from  2 5  accident  cases  have  mean  and  average  values  of  22.5  fps 
and  22  fps,  respectively.  These  values  appear  to  be  consistent  with  in¬ 
formation  presented  in  References  2  and  33. 
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Structural  Damage 


Prom  Table  I  the  frequency  of  occurrence  of  structural  damage  noted  In 
the  cases  analyzed  is  as  follows: 


Main  rotor  blade  25 

Transmission  22 

Landing  skids  18 

Side  structure  17 

Tail  rotor  blade  16 

Tall  boom  15 

Nose  structure  14 

Transmission  or  rotor  blade  13 

penetrated  occupant  space  &  structure 
Lower  fuselage  structure-  11 

Upper  fuselage  structure  11 

Engine  11 

Seats  11 


The  frequency  of  occurrence  of  rotor  blade,  transmission,  and  tail  boom 
damage  is  attributed  to  the  large  percentage  (5&f>)  of  times  that  either 
the  rotor  blade  or  the  tail  boom  contacted  the  ground,  an  object  such  as  a 
tree,  or  another  aircraft,  consequently  causing  a  crash  condition 


Damage  to  the  side  of  the  aircraft  structure  generally  occurs  bb  a  result 
of  lateral  impacts  and  lateral  rollover  conditions.  There  were  several 
instances  noted  where  the  aircraft  impacted  nose  vertically  down.  However, 
nose  and  lower  forward  surface  damage  occurs  also  during  high  forward  velo¬ 
cities  and  a  slight  nose-down  attitude.  Although  there  were  a  couple  of 
inverted  impacts,  upper  fuselage  or  cabin  structural  damage  generally 
resulted  from  cabin  penetration  by  rotor  blade  or  transmission  and  during 
rollover  situations. 

Photographs  from  selected  cases  are  presented  in  Figures  4  through  16  to 
illustrate  the  type  of  structural  damage  sustained  as  a  function  of  the 
impact  conditions.  Figure  4  (Case  4)  shows  damage  that  is  attributed  to 
combined  vertical  and  lateral  impact  velocity  and  lateral  rollover  of  the 
aircraft.  Extensive  damage  to  the  landing  skids  and  lower  fuselage  is 
evidence  of  severe  sink  speeds.  Buckling  of  the  main  frame  and  collapse 
of  fuselage-cabin  and  nose  structure  are  evidence  of  significant  side 
forces.  In  this  particular  accident,  five  of  the  six  persons  involved 
sustained  injuries.  It  is  surmised  that  in  this  accident  the  main  rotor 
blade  struck  a  tree,  then  severed  the  tail  boom,  and  crashed  to  the  ground 
with  apparent  loss  of  lift  and  rotational  controls. 


v 


ifture  k.  Side  View  of  Vertical  Impact,  lateral 
Rollover  (Accident  Case  4), 


Figures  5  and  6  (case  6)  shew  a  condition  in  which  the  tail  rotor  blade 
of  a  hovering  aircraft  struck  the  main  rotor  blade  of  another  helicopter. 

The  loss  of  tail  rotor  resulted  in  an  unbalanced  condition  and  nose-down 
pitch.  The  aircraft  hit  hard  on  the  left  skid  and  rolled  to  the  left. 

In  this  attitude  the  rotor  blade  tip  struck  the  ground.  The  force  was 
sufficient  to  pull  the  mast  and  transmission  forward  and  to  the  left.  One 
of  nhe  three  injuries  sustained  in  this  accident  is  attributed  to  penetra¬ 
tion  by  the  rotor  blade. 

Figures  7  and  8  (case  7}  illustrate  the  results  of  an  accident  in  which 
it  is  believed  that  the  tail  skid  impacted  with  a  high  sink  speed,  causing 
severing  of  the  tali  boom.  The  loss  of  control  resulted  in  the  rotor 
blade's  making  ground  contact.  The  rotor  blade,  hub,  and  transmission 
were  torn  loose  and  crushed  the  top  cabin  and  side  fuselage  structure. 

The  accident  records  indicate  that  three  of  the  ten  occupants  were  injured 
and  that  the  injuries  were  attributed  to  deceleration  forces  and  lacerations 
from  contact.  However,  the  photographs  would  indicate  a  high  probability 
that  penetration  of  the  oecupiable  space  by  the  transmission  or  rotor  blade 
or  crushing  of  the  structure  would  contribute  to  injury.  The  failure  of  the 
tail  boom,  which  shews  tensile  forces  at  the  lower  right  fitting  and  com¬ 
pression  at  the  upper  left,  further  indicates  vertical  forces  acting  at  the 
aft  section.  Hie  final  location  of  the  tail  boom  (perpendicular  to  the 
aircraft)  and  the  attitude  of  the  aircraft  indicate  the  presence  of  side 
forces  during  the  accident. 

Figures  9  (case  17)  and  10  (case  25)  indicate  damage  resulting  from  a 
severe  nose-dewn  or  inverted  crash ^  In  both  accidents  the  landing  skids 
are  intact.  The  nose  structure  is  severely  crushed.  In  case  17  the  intact 
was  made  on  water,  and  causes  of  the  10  fatalities  that  were  Incurred  are 
not  slated.  However,  it  is  anticipated  that  large  decelerative  forces  and/ 
or  severe  crushing  of  the  structure  into  the  oecupiable  area  probably 
occurred.  In  case  25,  all  six  occupants  were  Injured.  Three  of  the  in¬ 
juries  were  attributed  to  high  decelerative  forces,  one  to  collapse  of 
structure,  and  two  to  ejection  from  aircraft  or  impact  with  equipment. 

Figures  11  and  12  (case  ?9)  shew  damage  from  an  accident  in  which  the 
helicopter  impacted  in  a  nose-low  attitude.  The  main  rotor  contacted  the 
ground  and  both  the  main  transmission  and  rotor  system  separated.  The 
photographs  show  extensive  damage  to  the  nose  structure,  lower  fuselage 
floor  and  forward  support  frame.  The  position  of  the  separated  rotor  and 
transmission  indicates  that  the  blades  contacted  the  ground  forward  of  the 
aircraft.  Since  the  aircraft  was  hovering  prior  to  the  accident,  the 
longitudinal  velocity  component  is  not  considered  to  be  high. 


•  } 


Figure  5.  Side  View,  Rotor  Blade  Penetration  of  Cabin  (Accident  Case  6). 
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Figure  6.  Rear  View,  Rotor  Blade  Penetration  of  Cabin  (Accident  Case  6). 
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Figure  10.  Severe  Hose  and  Inverted  Impact  (Accident  Cane  25) 


Figures  13  and  14  (case  30)  represent  an  accident  in  which  the  helicopter 
descended  vertically  to  the  ground  and  stayed  in  an  upright  position* 

The  rotor  "blade  and  transmission  are  essentially  intact  although  tilted 
slightly.  The  landing  skids  are  bent  upward,  and  both  the  fuselage  section 
(forward  of  F.S.  63.3)  and  tail  flection  (aft  of  F.S.  248)  are  collapsed  as 
one  would  expect  iu  a  pure  vertical  drop.  In  this  particular  accident  the 
impact  loads  were  extremely  severe. 


The  injury  data  in  Table  I  shows  the  following  breakdown  of  injuries  and 
fatalities  for  the  168  personnel  involved  In  the  cases  analyzed: 


Fatalities 

38 

Major  injuries 

38 

Minor  injuries 

52 

No  injuries 

40 

The  prime  causes  of  injuries  for  this  32-accident  sample  are  noted  to  be: 


Deceleration  forces  42 

Occupant  impact  with  equipment  or  ejection 

from  aircraft  21 

Collapse  or  crushing  of  structure  15 

Unknown  14 

Occupant  struck  by  an  object  *  '  11 

Fire  11 

Penetration  of  occupant  space  by 

transmission  or  rotor  blade  7 

Suspected  drowning  7 


The  injuries  due  to  decelerative  forces  accounted  for  approximately  one- 
third  of  the  injuries  recorded  in  the  cases  analysed.  Since  the  term 
"decelerative  femes"  is  a  broad  classification  for  many  types  of  injuries 
in  Army  accidents,  it  is  expected  to  represent  a  substantial  percentage  of 
reported  injuries.  Injuries  resulting  from  deceleration  forces  noted  in 
the  accident  cases  are  generally  associated  with  back  and  vertebra  com¬ 
pression  type  injuries.  Figures  13  and  14,  taken  from  case  30,  show  the 
results  of  a  crash  in  which  there  is  a  predominantly  high  vertical  descent 
speed.  In  this  accident,  at  least  4  of  the  8  occupants  were  considered  to 
suffer  injuries  attributable  to  high  deceleration  forces.  Evidence  of  the 
decelerative  forces  can  be  seen  in  the  ujvard  displacement  of  the  landing 
skids,  the  buckling  of'  the  support  frame,  and  the  damage  to  the  seat  sup¬ 
ports.  The  rotor  blades  in  this  accident  remained  intact. 
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The  transmission  and  main  rotor  blade  were  damaged  in  approximately  70Jb 
of  the  cases  analyzed.  They  were  suspected  of  penetrating  the  occupiable 
space  in  4056  of  the  accidents  studied,  and  their  recorded  contribution  to 
injuries  was  about  5*556  of  the  total.  Figures  5  through  8,  discussed 
earlier,  illustrate  structural  damage  resulting  from  penetration  by  the 
rotor  blade  and/or  transmission. 

Figures  15  (case  30)  and  16  (case  12)  illustrate  accidents  in  which  col¬ 
lapsing  of  the  occupant’s  liveable  space  occurred.  In  case  12,  there  were 
5  injuries,  of  which  2  were  attributed  to  collapse  of  the  structure.  There 
was  no  penetration  of  the  cabin  by  either  a  rotor  blade  or  a  transmission, 
but  the  impact  forces  were  significant  enough  to  cause  buckling  of  the 
floor  and  collapse  of  the  seat  support  structure.  In  case  30,  there  were 
8  major  injuries,  of  which  2  were  a  result  of  the  crushing  of  the  structure. 
In  this  particular  accident  there  was  primarily  a  vertical  impact  velocity 
present . 

The  preceding  discussion  on  the  causes  of  injuries  i3  based  on  a  32  acci¬ 
dent  sample  and  as  such  should  not  be  interpreted  as  being  statistically 
significant.  .References  2,  17*  18,  25  and  33  axe  several  reports  which 
provide  additional  pertinent  data  with  regards  t<.  the  causes  of  injuries. 


Figure  15.  Collapse  of  Cabin  Structure,  High  Vertical 
Rate  of  Descent  (Accident  Case  30). 


Figure  3.6,  Collapse  of  Cockpit  Structure,  Buckling 
of  Floor  Structure  (Accident  Case  12). 
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SURVEY  OF  TECHNICAL  PUBLICATIONS 

GENERAL  DISCUSSION 


In  this  program,  technical  publications  were  reviewed  and  their  contents 
categorized  to  assist  in  future  reference  as  needed,  in  accordance  with 
the  various  aspects  of  developing  improved  crashworthiness  criteria  and 
concepts.  A  review  and  evaluation  of  32  publications,  including  USAAMRDL, 
FAA,  and  NASA  technical  reports  and  MIL  Specifications,  are  presented  here¬ 
in.  A  complete  listing  of  the  publications  which  comprise  the  literature 
survey  is  presented  in  Volume  II.  The  literature  is  reviewed  with  regards 
to  the  impact  on  rotary-wing  aircraft  crashworthiness  design,  In  part¬ 
icular,  emphasis  is  placed  in  the  following  areas: 

•  Crash  Loads  and  Environment 

•  Design  Criteria  and  Principles 

•  Human  Tolerance  Criteria 

•  Analytical  Methods 

•  Accident  and  Injury  Data 

•  Crash  Test  Data  and  Methods 

•  Energy  Absorption 

9  Structural  Behavior  and  Failure  Modes 

•  Restraint  and  Escape  Systems 

•  Military  Specifications 

For  each  of  the  subject  areas  listed  above,  an  evaluation  is  performed 
which  shows  the  literature  applicable  to  that  particular  subject,  the  con¬ 
tribution  of  each  report  briefly  stated,  and  a  composite  summary  of  the 
pertinent  aspects  of  the  literature. 

Volume  II,  which  provides  additional  literature  survey  information,  consists 
of  a  sumnary  or  abstract  for  each  report  and  a  literature  survey  subject 
index  which  contains  a  matrix  categorisation  of  the  contents  of  the  tech¬ 
nical  reports.  The  matrix  categorization  lists  the  reports  by  number  and 
associates  each  report  with  an  area  of  specific  content  or  applicability. 

All  report  numbers  in  this  section  refer  to  the  reference  numbers  as  they 
are  listed  under  LITERATURE  CITED. 

EVALUATION 

Crash  Loads  and  Environment 

The  data  presented  in  the  literature  indicates  that  the  crash  environment 
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is  highly  dependent  upon  the  aircraft  structural  configuration  and  crash 
conditions.  Rotary-wing  and  fixed-wing  aircraft  crash- impact  at  different 
velocities  and  attitudes,  which  contributes  to  differences  in  loeds  that 
are  experienced  "by  each  type  of  aircraft.  Test  data  shows  that  rotaiy-wing 
aircraft  generally  experience  higher  peak  loads  than  the  heavier  fixed- 
wing  aircraft.  However,  the  peak  loads  occur  for  shorter  durations  in 
rotary-wing  aircraft  as  compared  to  fixed-wing  aircraft.  The  vertical  "G" 
load  is  considered  a  critical  condition  in  causing  injuries,  or  fatalities, 
to  the  occupant.  The  longitudinal  loads,  by  comparison,  are  generally 
approximately  half  the  level  of  the  vertical  load.  In  the  longitudinal 
direction,  sliding  friction  absorbs  a  significant  amount  of  energy,  where¬ 
as  in  the  vertical  direction,  all  the  energy  must  be  absorbed  by  the  struc¬ 
ture.  In  addition,  it  has  been  shown  that  the  human  can  tolerate  higher 
acceleration  in  the  longitudinal  direction  than  in  the  vertical  direction. 
However,  as  discussed  in  later  sections,  excessive  vertical  "G”  loading 
is  only  one  of  many  causes  of  injuries  and  fatalities. 

The  crash  environment  is  currently  stated  in  terms  of  the  95th  percentile 
survivable  accident  velocity  change  and  floor  acceleration  level  for  long¬ 
itudinal,  vertical  and  lateral  impact  directions.  A  summary  of  this  data 
for  two  classes  of  aircraft  (  (a)  rotary  and  light  fixed-wing  aircraft,  and 
(b)  fixed-wing  transport  aircraft)  obtained  from  report  (2)  is  presented 
in  Tables  II  and  III.  This  data  represents  the  present  structural  design 
goals  for  aircraft  crashworthiness. 

Reports  (2),  (3),  (10)  and  (26)  describe  the  crash  environment  obtained 
from  tests  and  accident  records  and  are  applicable  to  rotary-wing  aircraft. 
Reports  (1),  (2),  (5),  (6),  (7),  and  (21)  discuss  the  crash  environment 
for  fixed-wing  aircraft.  Reports  (28),  (29)  and  (3l)  are  MIL  Specifications 
in  which  crash  load  requirements  are  stated. 

The  crash  environment  data  presented  in  report  (2)  and  reproduced  in.  TableB 
II  and  III  are  based  on  the  following: 

a)  average  floor  acceleration  estimates 

b)  comparison  of  accident  configuration  and  damage  with  test  data 

c)  observation  of  failure  and  nonfailure  of  seat  belts,  shoulder 
harness  and  seats  of  known  strength 

d)  comparison  of  injuries  with  generally  accepted  human  tolerance 
limits 

*  Report  (10)  shows  H-25  crash  test  data.  The  recorded  accelerations  are  higher 
|  in  magnitude  but  shorter  in  duration  than  the  fixed-wing  aircraft  test  data, 
f  The  H-25  airframe  vertical  and  longitudinal  accelerations  reached  100  G’s 
1  and  50  G’s,  respectively,  at  the  floor.  The  pilot  experienced  60  G’s  and 

f  kO  G’s  peak  loads  in  the  vertical  and  longitudinal  directions,  respectively. 

Report  (3)  presents  the  results  of  a  recent  drop  test  performed  with  a  UH-!D/h 


helicopter.  In  this  test  the  aircraft  impacted  with  e  30- fps  vertical 
velocity  and  experienced  peak  vertical  accelerations  of  between  TO  end- 
110  G'a  at  the  rear  and  forward  floor  locations.  Report  (26)  discusses 
structural  damage  obtained  from  0H-6A  tests  and  relates  to  the  damage  to 
the  sink  speed  and  Gfs  that  the  cockpit  experiences.  The  report  compares 
load  factors  vs  deformation  for  equal  crash  energy  absorption. 


TABLE  II.  SUMMARY  OF  DESIGN  FJLSffi  CORRESPONDING  1*0  THE  95 TH  PERCENTILE 
ACCIDENT  OF  ROTARY- AND  LIGHT  FIXED-WING  AIRCRAFT  (REPORT  2) 

Impact  Direction 

Velocity 

Change 

(fps) 

Peak  G* 

Average  G 

Pulse  Duration 
"T"  (sec) 

Longitudinal  (Cockpit) 

5C 

30 

15 

0.104 

Longitudinal  (Passenger 
Compartment) 

50 

2k 

12 

0.130 

Vertical 

42 

48 

24 

0.054 

Lateral  (Light  Fixed-Wing) 

25 

l6 

8 

0.097 

Lateral  (Rotary-Wing) 

30 

18 

9 

0.104 

♦Assuming  an  equilateral  triangle  pulse  shape. 

TABLE  III.  SUMMARY  OF  DESIGN  PUIEES  CORRESPONDING  TO  THE  95th  PER¬ 
CENTILE  ACCIDENT  OF  FIXED-WING  TRANSPORT  AIRCRAFT  (REPORT  21 


Impact  Direction 

Velocity 

Change 

(fps) 

Peak  G* 

Average  G 

Pulse  Duratior 
nT"  (sec) 

Longitudinal  (Cockpit) 

64 

26 

13 

0.153 

Longitudinal  (Cabin) 

64 

20 

10 

0.200 

Vertical 

35 

36 

18 

0.060 

lateral  (Cockpit) 

30 

20 

10 

0.093 

Lateral  (Cabin) 

30 

16 

8 

0.116 

W  Assuming  an  equilateral  triangle  pulse  shape. 
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Reports  (l),  (5),  (6)  and  (T)  shew  fixed-wing  crash  test  floor  and 
passenger  measured  acceleration  data.  In  general,  the  peak  lateral  accel¬ 
erations,  vertical  accelerations  and  longitudinal  accelerations  are  20  G’s, 
40  G’s  and  25  G’s,  respectively.  However,  test  data  from  (l)  notes  peak 
longitudinal  accelerations  of  77  G’s  at  the  cockpit,  decreasing  to  28  G’s 
at  the  aft  section  of  the  aircraft. 

Design  Criteria  and  Principles 


The  principles  presented  in  these  reports  indicate  that  to  achieve  crash¬ 
worthy  capability  one  must  design  such  that: 

•  The  structure  surrounding  the  occupants  remains  intact  without 
significantly  reducing  the  living  space. 

•  The  structure  crushes  and  deforms  in  a  controlled,  predictable 
manner  so  that  the  forces  imposed  on  the  occupants  are  minimized. 

The  design  for  crashworthy  structure  should  take  into  consideration  the 
fact  that  the  energy-absorbing  requirements  of  the  structure  differ  for 
longitudinal  and  vertical  impacts.  In  the  longitudinal  direction,  fric¬ 
tion  assists  in  the  absorption  of  energy.  The  energy  from  vertical  im¬ 
pacts,  on  the  other  hand,  must  be  absorbed  by  the  structure  and  in  a  very 
short  time  period. 

Materials  play  a  very  significant  role  in  the  development  of  crashvortliy 
structure.  Where  possible,  the  materials  should  have  sufficient  ductility 
to  insure  crushing,  twisting  and  buckling  without  rupture.  Consideration 
must  be  given  to  material  elongation,  tear  resistance,  crack  propagation 
and  stress  concentrations  as  well. 

At  present  there  are  some  firmly  established  criteria  and  principles  which, 
if  properly  implemented,  could  enhance  occupant  survivability  under  crash 
conditions.  These  criteria  and  principles  should  be  used  to  develop  a 
consistent  crashworthy  design  which  requires  that  the  occupant  space  not 
collapse  during  the  period  that  the  landing  gear  and  the  fuselage  structure 
crushes  during  response  to  the  95th  percentile  impact  velocity,  while  the 
loads  imposed,  through  the  behavior  of  the  seat  support  structure,  do  not 
exceed  human  tolerance. 

Reports  (1),  (2),  (4),  (8),  (25)  and  (26)  present  information  which  is  per¬ 
tinent  to  crashworthy  design  criteria  and  concepts.  Reports  (1)  and  (2) 
discuss  design  concepts  in  detail.  In  particular,  methods  to  achieve  im¬ 
proved  fuselage  design  for  fixed-wing  vehicles  are  presented.  Tne  five 
methods  outlined  are: 


•  Increase  In  energy  absorption  capacity  of  structure  fonrard  of 
the  oacupiable  area. 

•  Alteration  of  structure  to  reduce  scooping  and  gouging  of  soil. 

•  Reinforcement  of  cabin  structure. 

•  Modification  of  structure  to  insure  "breakaway. 

•  Modification  of  structure  to  permit  increased  deformation  in  un¬ 
occupied  areas. 

Report  (4)  discusses  the  importance  of  material  and  detail  design  consider¬ 
ations  in  the  design  for  crashworthiness.  Report  (8)  shows  the  results  of 
analysis  for  improving  fuselage  design.  Improvements  are  shown  to  "be 
obtained  by  strengthening,  redistribution  of  bending  material,  and  incorp¬ 
orating  energy-absorption  features.  The  analytical  results  are  verified 
by  test  results. 

Report  (25)  refers  to  experimental  and  developmental  crashworthy  design 
configurations  which  use  controlled  deformation  and  "load  limit"  techniques 
to  absorb  a  maximum  amount  of  energy  in  the  very  limited  crushing  distance 
available.  Several  proposals  for  improved  helicopter  fuselage  designs  are 
presented.  Minimum  helicopter  design  crash  conditions  are  recommended . 

Report  (26)  compares  variations  of  load  factor  and  deformation  for  equal 
crash  energy  absorption  and  shows  that  a  structure  designed  to  minimum 
strength  and  maximum  deformation  is  a  more  desirable  craBhvorthy  design 
than  a  structure  designed  to  maximum  strength  and  minimum  deformation.  The 
report  discusses  factors  which  must  be  considered  in  providing  attenuation 
for  the  vertical  component  of  the  crash  impact.  Future  crash  survivability 
design  objectives  are  presented. 

Human  Tolerance  Criteria 


The  problem  of  providing  acceptable  acceleration  limits  in  the  design  for 
the  survivability  of  occupants  is  complex  and  involves  the  ability  to 
determine  and  measure  the  dynamic  relationship  between  the  structural 
system  (airframe  and  restraint  system)  and  the  human  system  (occupant). 
Data  which  is  used  to  establish  present  criteria  requires  improvement  in 
the  following  areas: 

•  Definition  of  the  dynamic  response  of  the  restraii  .  6ystem  to 
ascertain  the  influence  on  the  occupant  acceleration  levels. 
Current  criteria  are  based  on  acceleration  measurements  at  the 
seat  and  not  on  the  subject. 
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•  Improved  modeling  of  the  human  system  to  account  for  the 
critical  "body  modes.  Data  in  this  regard  i3  limited  and, 
consequently,  so  is  verification  of  analytical  methods  with 
experience. 

•  The  literature  points  out  that  tolevance  limits  are  a  func¬ 
tion  of  (a)  peak  acceleration,  (b)  duration  of  acceleration, 
and  (c)  rate  of  onset  of  initial  acceleration  that  the 
occu.ant  experiences.  The  occupant’s  post-ure,  position, 
directic’--  relative  to  the  acceleration  forces^  and  the  manner 
in  which  the  occupant  is  restrained  influence  the  accelera¬ 
tion  levels  that  are  experienced  by  the  occupant. 

Report  (15)  is  a  comprehensive  survey  of  the  literature  regarding  the  sub¬ 
ject  of  human  tolerance  to  rapidly  applied  accelerations.  The  information 
presented  in  this  report  is  used  throughout  the  literature  as  a  basis  for 
relating  the  crash  environment  to  human  tolerance  levels.  The  acceleration 
peaks,  durations  and  rates  of  acceleration  onset  for  various  directions  of 
acceleration  are  sunraarized  in  Table  IV. 


TABLE  IV.  SUVWARY  OF  HUMAN  TOLERANCE  LEVEIfi  FOR  PEAK  VALUES, 

DURATION  AND  RATES  OF  ACCELERATION  (REPORT  (15))  | 

n- - - 

Peak 

Duration  of 

Rate  of 

Acceleration 

Direction 

Acceleration  (g) 
(Voluntary  Human 
Exposure) 

Acceleration 

(sec) 

Acceleration 
Onset  (g/sec) 

Sternumvard  (fwd) 

35 

.1 

1150 

Spineward  (aft) 

45 

.04 

600 

Headward  (up) 

16 

.04 

115 

Tailvard  (down) 

10 

.01 

80  j 

— - i 

The  direction  of  the  acceleration  forces  obtained  from  Report  (2)  is  pre 
sented  in  Figure  17. 


DIRECTION  GF  DECELSIATIVE 

FORCE _ 

VERTICAL 

Headward  -  Eyeball*  down 

Tailvard  -  Eyeballs  up 

TRANSVERSE 

Lateral  Right  ~  Eyeballs 
left 

Lateral  Left  -  Eyeballs 
right 

Bach  to  Chest  -  Eyeballs 
in 

Chest  to  Back  -  Eyeballs 
out 

Note: 

The  decelerative  force  on 

the  body  acts  in  the  same 

direction  as  the  arrows 


Figure  17 o  Decelerative  Forces  on  the  Body. 

In  addition  to  report  (15 ),  there  are  several  reports  listed  in  the  index 
which  provide  significant  information  with  regard  to  the  establishment  and 
measurement  of  acceptable  human  tolerance  criteria.  These  reports  are  (7), 
(12),  (14),  (22)  and  (27).  Reports  (2),  (3),  (10),  (ll),  (13),  (19),  (20), 
and  (31)  relate  to  human  tolerance  levels  but  are  based  on  the  information 
presented  in  the  prime  references. 

Several  methods  of  relating  response  measurements  to  human  tolerance  criteria 
are  presented.  Most  notable  '+  these  are  the  Dynamic  Response  Index  (DRl) 
(22),  Mechanical  Impedance  Systems  (l4),  lumped  mass  parameters  (12),  and 
shock  spectra  (7).  All  of  the  above  methods  except  the  use  of  shock  spectra 
involve  modeling  the  human  body  or  a  portion  of  the  human  system.  The 
modeling  of  the  human  system  has,  thus  far,  been  limited  due  to  a  lack  of 
experiments!  data.  The  lack  of  data  is  obviously  hampered  by  the  inability 
tc  perform  destructive  te3ts  with  the  subject.  The  development  of  mechanical 
impedance  functions  for  the  human  system  requires  verification  of  the  Method 
with  data,  particularly  to  determine  if  the  system's  mechanical  impedances 
obtained  from  sinusoidal  vibration  can  be  related  to  random  vibrations  and 
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Impact  forces.  The  use  of  shock  spectra  represents  a  tool  which  may  he 
useful  as  a  qualitative  means  of  comparing  the  response  of  different 
systems.  However,  befoxc  using  shock  spectra  as  a  quantitative  means  of 
establishing  criteria,  one  must  he  aware  of  the  method's  limits  with  regard 
to  system  nonlinearity,  simultaneous  vector  components,  system  damping, 
restraint  systems  and  pulse  rates. 

Report  (12)  presents  a  comprehensive  description  of  the  problems  associated 
with  human  tolerance  modeling  and  limits.  This  report  discusses:  (a) 
basic  body  dynamics,  (b)  the  application  of  human  body  dynamics,  (c)  sources 
of  data  on  body  dynamics,  and  (d)  dynamic,  models.  The  basis  of  human  body 
dynamics  is  stated  as  being  that  biological  structures  respond  to  applied 
loads  and  accelerations  in  exactly  the  same  manner  as  any  other  physical 
or  mechanical  system.  The  report  suggests  that  due  to  such  variables  as 
bone  stiffness  and  body  weight,  one  must  take  into  account  statistical 
procedures  to  estimate  the  lowest  strength  limits.  The  basic  problem  is 
defined  as  the  requirement  to  relate  the  input  acceleration  time  history 
to  injury  or  some  other  practical  limit.  The  parameter  of  major  interest 
is  the  peak  force  developed  in  the  elastic  material  of  the  body.  The  force 
can  be  conveniently  described  as  a  Dynamic  Response  Index  which  is  equal  to 
the  force  divided  by  the  body  weight.  Report  (12)  GtateB  that  the  primary 
sources  of  data  are; 

•  Drop  tests  ~  performed  by  the  Civil  Aercmedical  Research 
Institute,  the  FAA,  the  USAF  Aerospace  Medical  Research 
laboratory,  and  Stanley  Aviation. 

o  Vibration  tests  -  permit  the  determination  of  frequency  and 
damping.  The  three  test  methods  are  (1)  voluntary  exposure  to 
frequency  and  amplitude,  (2)  measurement  of  impedance,  and  (3) 
measurement  of  amplitude  tranomissibility. 

•  Structural  testa  -  the  major  effort  to  date  has  been  on  the 
characteristics  of  the  vertebral  column. 

•  Sled  tests 

•  Accident  data 

•  Ejection  seat,  data 

•  Animal  tests 

Report  (27)  proposes  a  concept  whereby  limits  are  set  by  the  force  exerted 
per  unit  area  on  the  body  by  the  restraint  or  support  system  at  maximum 
deceleration.  In  this  concept,  acceleration  levels,  rate  of  onset,  and 
duration  time  are  all  dependent  variables,  while  the  impact  force  per  unit 
area,  the  delta  velocity  change  and  the  impact  pulse  define  the  tolerance 
envelope . 
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Analytical  Methods 


There  are  several  methods  which  are  applicable  to  the  development  of  a 
computer  program  which  is  capable  of  predicting  the  dynamic  crash  behavior 
with  sufficient  accuracy  for  the  purpose  of  developing  design  criteria  and 
preliminary  concepts  for  improved  crashworthiness  of  rotary-wing  aircraft. 
These  methods  are  classified  as  lumped  mss,  normal  mode  and  finite  element. 
Thus  far,  the  lumped  mass  and  normal  mode  approaches  have  been  used  in  an¬ 
alyzing  the  behavior  of  complete  aircraft  structures  during  a  crash  con¬ 
dition.  The  lumped  mass  approach  appears  to  be  more  capable  of  predicting 
general  large-scale  deformation  than  the  Dormal  mode  approach.  The  normal 
mode  approach  requires  a  redefining  of  the  element  stiffnesses  (also  re¬ 
quired  in  the  lumped  mass  method)  and  then  a  recomputation  of  the  system 
frequencies  and  modes  shapes  for  every  increment  of  time  in  the  nonlinear 
regime.  The  determination  of  frequencies  and  mode  shapes  requires  the 
solution  of  coupled  equations  which  necessitates  a  time  consuming  matrix 
inversion.  Since  in  a  crash  analysis  the  nonlinear  deflections  is  the 
most  important  aspect  of  the  problem,  the  additional  computational  require¬ 
ments  of  the  normal  mode  approach  will  be  more  inefficient  and  will  intro¬ 
duce  potentially  significant  inaccuracies  as  compared  to  the  lumped  mass 
method.  The  use  of  the  finite  element  method  in  conjunction  with  a  lumped 
mass  system  would  appear  to  offer  seme  potential.  The  finite  element 
solution  is  essentially  the  same  as  a  lumped  mass  solution,  i.e.,  it  in¬ 
volves  converting  continuous  mass  elements  into  discrete  mass  elements 
Interconnected  by  springs.  However,  a  finite  element  program  is  written 
such  that  the  input  is  in  terms  of  the  characteristics  of  contoon  structure- 
al  elements  such  as  beams  and  plates.  The  main  concern  in  using  a  finite 
element  solution  would  be  the  ability  to  handle  nonlinearities  easily  and 
perform  the  analysis  within  a  reasonable  program  run  time. 

Reports  (3),  (8)  and  (9)  are  the  only  ones  containing  significant  informa¬ 
tion  concerning  dynamic  analyses  during  crash  landing. 

In  report  (8)  the  fuselage  of  a  typical  fixed-wing  transport  during  crash¬ 
ing  Is  modeled.  The  airplane  is  allowed  to  pitch  and  translate  vertically. 

A  series  of  nonlinear  partially  restoring  springs  represents  the  crashing 
of  the  lower  fuselage.  Up  to  six  fuselage  bending  normal  modes  are  input. 
Longitudinal  motions  are  not  considered;  hence,  no  plowing  or  friction  drag 
forces  are  computed.  The  program  numerically  converts  the  input  lcad-de- 
flection  curves  into  load-time  curves  and  utilizes  closed-form  solutions 
for  the  degrees  of  freedom  within  each  time  Increment.  No  aerodynamics  are 
included.  Test  case  results  using  six  normal  modes  indicate  that  structural 
flexibility  does  play  an  important  role  in  crash  load  determination. 

Report  (9)  deals  with  modeling  the  Lockheed  Constellation  164-9  for  crash 
landing.  A  symmetrical  model  (pitch,  plunge,  fore-aft)  is  employed,  with 
cr.e  fuselage  vertical  bending  normal  mode.  Vertical  springs  are  distrib¬ 
uted  longitudinally  along  the  bottom  of  the  fuselage.  Each  spring  con¬ 
stant  is  a  function  of  vertical  deflection,  with  three  separate  deflection 
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regions  defined.  These  regions  are  the  initial  elastic  range,  the  plastic 
range,  and  an  increasing  stiffness  range  representative  of  floor  and  wing 
stiffening  at  large  vertical  deflections.  Ground  plowing  and  friction 
forces  are  included,  as  are  fuselage  longitudinal  vibrations.  Tne  results 
shown  in  report  (9)  indicate  that  the  inclusion  of  structural  flexibility 
has  little  effect  on  the  results;  rigid-body  motions  tend  to  dominate. 

This  conclusion  differs  with  that  presented  in  (8). 

In  contrast  to  the  previous  two  reports,  which  involve  quite  similar  models, 
report  (3)  utilizes  a  lumped  mass  model  directly  (no  normal  modes  are  com¬ 
puted).  This  model  is  intended  to  represent  a  UH-1D  helicopter  during 
crashing.  Fourteen  lumped  masses  with  a  total  of  23  degrees  of  freedom  are 
included.  Only  pitch  and  plunge  motions  are  allowed.  Ihe  lumped  mosses  are 
interconnected  with  partially  restoring  nonlinear  springs  in  parallel  with 
viscous  dampers.  Two  types  of  springs  are  provided:  springs  which  can  re¬ 
strain  tensile  rebound  and  those  that  cannot.  The  lumped-mass  degrees  of 
freedom  are  solved  for  directly  using  numerical  integration. 

Comparison  of  experimental  results  from  a  helicopter  drop  test  with  cccw 
puter  program  analytical  results  showed  reasonably  good  correlation  of 
floor  accelerations,  indicating  accurate  modeling  of  the  landing  skid  and 
lower  fuselage  structure.  Transmission  response  comparison  is  not  as  good; 
it  appears  that  a  rotational  degree  of  freedom  for  the  transmission  is 
necessary  to  correctly  predict  its  crash  behavior. 

Of  the  above  mechanical  models,  only  the  lumped-mass  helicopter  model  of 
report  (3)  appears  capable  of  predicting  general  large-scale  deformation. 

The  other  airplane  models  require  linear  structural  behavior  (except  for 
the  lower  fuselage)  to  allow  the  use  of  normal  modes;  thus,  only  cases 
Involving  lower  fuselage  deformation  that  do  not  result  in  large  deforma¬ 
tions  (or  failure)  elsewhere  can  be  analyzed.  • 

Accident  and  Injury  Data 

Survivahle  accidents  are  deemed  to  constitute  approx imaiely  95$  of  all 
rotary-vlng  accidents.  Since  survivable  accidents  account  for  22$  of  all 
fatalities  and  practically  all  the  injuries  sustained  during  rotary-wing 
accidents,  it  is  reasonable  to  assume  that  improvements  in  crashworthiness 
design  which  enhance  the  occupant's  chance  for  survivability  present  a 
goal  worth  striving  for. 

One  of  the  potential  means  available  for  the  development  of  improved  struc¬ 
tural  design  for  crashworthiness  is  the  utilization  and  interpretation  of 
accident  and  injury  data.  Accident  data  analysis  in  its  present  form  is 
vezy  limited.  With  current  techniques,  only  gross  Judgements  concerning 
impact  velocities  and  accelerations  can  be  made.  Until  ouch  times  as 
refinements  in  the  techniques  to  analyse  accident  data  can  he  achieved, 
the  benefits  obtained  frcm  the  use  of  accident  information  will  not  be 
fully  realized.  Refinementc  in  accident  investigation  techniques  require 
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more  thoroughness  In  the  determination  of  impact  Kinematics  at  the  site 
of  the  investigation  and  the  application  of  analytical  or  semi  empirical 
means  by  which  aircraft  behavior  and  large  structural  deformations  can  be 
related  to  the  sequence  of  structural,  damage  and  injuries  sustained  during 
e  crash. 

The  accident  data  presented  in  the  literature  Indicates  that  the  causes  of 
major  injuries  and/or  fatalities  are  numerous.  Although  excessive  verti¬ 
cal  acceleration  levels  are  generally  thought  to  be  tbe  prime  cause  of 
injuries,  the  reports  reviewed  show  that  cockpit  crushing,  postcrash  fire, 
dislodgement  of  the  occupant,  dislodgement  of  unsecured  objects,  and 
flailing  of  the  occupant's  head  and  extremities  contribute  heavily  to  the 
injury  toll. 

It  is  also  interesting  to  note  that  several  of  the  articles  discuss  the 
need  to  protect  personnel  from  lateral  impacts  or  crushing  during  air¬ 
craft  rollover  accidents.  Yet,  the  crash  environment  as  compiled  to  date 
is  least  defined  with  regard  to  the  lateral  loads  imposed  during  an  impact. 
The  accident  recorde,  in  general,  are  not  very  comprehensive,  thus  making 
an  accurate  assessment  of  impact  kinematics  and  deceleration  forces  diffi¬ 
cult.  The  crash  environment  acceleration  loads  are  stated  for  a  location 
at  approximately  the  center  of  the  fuselage  floor.  However,  peak  leads 
at  critical  locations,  i.e.,  pilot,  passenger,  engine,  and  transmission, 
can  be  much  different  from  that  at  the  fuselage  floor,  depending  on  the  . 
amount  and  type  of  structure  available. 

Reports  (2),  (3),  (IT),  (18),  (20)  and  (25)  present  accident  data  obtained 
from  rotary-wing  and  light  fixed-wing  aircraft  experience .  Reports  (2) 
and  (21)  present  accident  data  for  heavy  fixed-wing  aircraft. 

Reports  (2)  and  (3)  are  more  recent  analyses  of  accident  data  performed  for 
the  purpose  of  defining  the  crash  environment.  In  report  (2)  the  95tb 
percentile  velocity  changes  and  acceleration  levels  in  different  directions 
from  373  survival) le  accidents  are  presented.  These  values  are  summarized 
in  the  "Crash  Loads  and  Environment'1  evaluaton.  In  report  (3)  UH-1R  Army 
and  Air  Force  accident  cases  are  analyzed  for  the  period  between  1$66  and 
1968.  These  -cases  represent  approximately  15#  of  the  total  of  UH-1H 
accident  records  available  at  USAAAVS  and  the  Directorate  of  Aerospace 
Safety  for  that  time  period.  The  accident  data  was  summarized  in  the 
form  of  injury  data  and  injury  factors.  The  leading  injury  factors  were 
deemed  to  be  (a)  aircraft  rolled  on  eide,  (b)  postcrash  fire,  (c)  occupant 
crushing  or  entrapment,  and  (d)  excessive  vertical  G's.  Based  on  the  re¬ 
sults  of  the  helicopter  accident  records,  report  (2)  concluded  that  over 
half  of  the  injuries  ana  fatalities  occurred  in  rollover  accidents  and 
that  more  fatalities  were  caused  by  impact  force  injuries  than  by  post- 
crash  fire  thermal  injuries  in  aurvivable  accidents. 


Report  (17)  discusses  major,  minor  and  incident  accident  cause  factors. 

In  all  Instances,  the  predominant  cause  factor  is  attributable  to  the 
pilot.  Material  and  maintenance  are  also  shown  to  be  substantial  causes 
of  accidents.  Report  (l8)  shows  that  between  1961  and  1965,  survivable 
accidents  accounted  for  95$  of  all  accidents.  Report  (20)  compares  the 
crash  environment  for  rotary-wing  aircraft  to  human  tolerance  levels.  The 
report  suggests  that  the  95th  percentile  crash  data  indicates  survivability 
due  to  crash  G*s,  and  their  time  durations  are  within  the  human  survival 
limits  for  present  structures.  However,  to  ascertain  the  severity  of  the 
environment  relative  to  human  tolerances,  one  must  determine  the  extent 
to  which  substructure  will  affect  the  peak  loads.  In  report  (25)  helicop¬ 
ter  crash  performances  between  1967  and  1 969  are  reviewed.  Fatalities  are 
sh  .n  to  result  from  multiple  extreme  injuries  (60.8$),  barns  and  complica¬ 
tions  (29*9$)>  drowning  (5.2$),  and  unknown  (4.1$).  Occupant  injuries  were 
deemed  to  be  caused  by  accidents  which  involved  aircraft  rolling  on  the 
side,  crushing,  thrown  out  occupants,  postcrash  fire,  transmission  and 
main  rotor  penetration,  and  excessive  G's. 

Report  (21)  discusses  103  major  accidents  of  cargo  and  transport  type 
aircraft  and  lists  various  injury  factors.  In  thid  report,  many  injuries 
are  noted  even  though  the  acceleration  levels  are  not  considered  to  be 
unduly  high. 

Report  (32)  is  a  preliminary  draft  which  indicates  that  crashworthy 
features  can  potentially  become  cost  effective  in  the  UTTAS  in  approximate¬ 
ly  5.5  years.  -The  report  takes  into  consideration  the  accident  history 
of  the  UH-1,  the  cost  to  the  Government  of  personnel  injuries  and  fatal¬ 
ities,  the  savings  potential  on  aircraft  repair  and  replacement  costs  and 
increased  operating  costs  as  a  result  of  increased  empty  weight  due  to  the 
incorporation  of  improved  crashworthy  design. 

Crash  Test  Data  and  Methods 

Correlation  between  test  and  analysis  shows  that  the  basic  problem  in 
developing  analytical  models  is  the  ability  to  realistically  describe  the 
structural  behavior  under  loads  which  will  result  in  large  deformations. 

The  test  dqta  shows  that  it  is  important  that  fuselage  structure  exhibit 
plastic  deformation  characteristics  in  both  the  longitudinal  and  vertical 
directions.  Tests  have  shown  that  unless  sufficient  energy  absorption 
capability  is  included  in  the  design  of  fuselage  structure,  the  pilot  and 
passengers  can  be  expected  to  experience  intolerable  acceleration  forces. 
Test  programs  have  provided  valuable  information  which  has  been  used  to 
develop  airframe  design  and  restraint  systems  which  better  attenuate 
crash  forces.  At  present,  full-scale  test  techniques  provide  more  valu¬ 
able  design  information  than  do  analytical  methods.  However,  the  expense 
of  conducting  full-s^ale  tests  is  a  formidable  obstacle  in  evaluating  the 
large  amount  of  design  considerations  for  all  types  of  rotary-wing  air¬ 
craft. 


Reports  (3),  (10)  end  (23)  describe  crash  test  programs  performed  with 
rotary-wing  vehicles.  Reports  (1),  (5)*  (6),  (7),  and  (24)  present  the 
results  of \ test  programs  which  were  conducted  with  fixed-wing  aircraft. 
Report  (16)  discusses  tests  with  crushahle  structures  and  is  applicable 
to  "both  rotary -wing  and  fixed-wing  aircraft. 

Report  (3)  describes  a  recent  vertical  drop  test  program  conducted  with  a 
UH-1D  helicopter.  The  program  results  indicated  that  the  structural  rep¬ 
resentation  of  the  aircraft  requires  numerous  assumptions  and  estimates 
regarding  the  structural  behavior  of  the  helicopter.  The  correlation  be¬ 
tween  analysis  and  test  shows  that  additional  effort  is  required  to  refine 
the  analytical  model  to  show  agreement  with  the  experimental  data.  Report 
(10)  describes  tests  performed  on  an  H-25  helicopter  in  which  accelerations 
were  measured  at  the  cockpit  floor,  passenger  floor,  and  pilot  restraint 
system,  and  on  dummies  representing  the  pilot  and  passengers.  The  pilot 
experienced  accelerations  In  the  headward  direction  which  were  shown  to 
exceed  the  estimated  human  tolerance  limits.  The  helicopter  experienced 
accelerations  which  were  larger  in  magnitude  and  shorter  in  duration  than 
corresponding  accelerations  that  were  obtained  during  MCA  fixed-wing  air¬ 
craft  tests.  These  tests,  being  the  first  of  their  kind  on  helicopters, 
proved  invaluable  in  that  they  pointedly  showed  inadequacies  in  structural 
design  of  helicopters  for  crash  impacts.  Report  (23)  describes  full- 
scale  crash  tests  with  a  CH-21  helicopter  for  the  purpose  of  evaluating 
an  energy  absorption  experimental  troop  seat  concept.  The  two  test  methods 
employed  in  this  program  were  the  drone  and  crane  drop  tests. 

Report  (l)  describes  the  results  of  controlled  full-scale  tests  performed 
with  fixed-wing  aircraft  to  demonstrate  the  effectiveness  of  simple 
structural  changes  in  achieving  improved  crashworthiness  design.  The  test 
program  was  partially  successful  in  reaching  its  objectives.  The  program 
demonstrated  the  effectiveness  of  a  nose  modification  in  reducing  earth 
scooping  and  thus  reducing  the  severity  of  the  crash  environment .  However, 
the  test  results  regarding  the  effectiveness  of  increasing  upper  cabin 
compressive  strength  in  reducing  cabin  collapse  due  to  fuselage  bending 
associated  with  the  rapid  pitch-up  for  longitudinal  crashes  were  incon¬ 
clusive.  The  test  program  described  in  reports  (5)  -nd  (6)  were  performed 
under  the  same  contract  with  two  different  large  fixed-wing  aircraft  (DC-7 
and  Lockheed  Constellation  1649) .  The  programs  were  directed  toward 
determining  the  overall  acceleration  environment,  fuel  spillage  studies, 
and  cockpit,  crew  and  passenger  seat  experiments  during  potentially  sur- 
vivable  crashes.  The  tests  were  designed  to  simulate  crash  conditions  for 
three  types  of  potentially  survivable  accidents.  The  three  conditions 
were: 

•  Hard  landing  with  high  rate  of  sink 

•  Wing  low  impact  with  the  ground 

•  Impact  into  large  trees  in  off -airport  forced  landing. 
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Due  to  a  failure  in  the  recording  system,  the  program  on  the  BC-7  did  not 
meet  all  of  the  test  objectives.  However,  the  tests  with  the  Lockheed 
1649  which  were  successfully  recorded  showed  that  the  structural  damage 
and  deformation  of  the  fuselage  the4"  occurred  in  the  crash  were  relatively 
mild,  particularly  in  the  occupiable  portion.  The  damage  was  most  severe 
in  the  lower  forward  fuselage  where  primary  impacts  were  concentrate 

In  report  (7),  FAA  and  NACA  test  data  are  reviewed  to  determine  crash 
severity  and  the  significance  and  limitation  of  component  tests,  A 
severity  index  is  established  by  which  acceleration  levels  are  compared 
to  human  tolerance  levels,  and  a  quantitative  evaluation  ie  made  of  the 
severity  of  the  impact.  Data  from  seven  full-scale  crash  tests  are  used 
in  this  report  to  develop  severity  indexes.  The  severity  index  in  only 
one  case  indicated  that  human  tolerance  levels  would  be  exceeded,  and  that 
occurred  at  only  one  station. 

Report  (8)  compares  analytical  results  with  tests  performed  on  represent¬ 
ative  fuselage  structure,  and  report  (24)  describes  the  evaluation  of  the 
limits  of  seat  belt  protection  during  crash  deceleration. 


There  is  general  agreement  throughout  the  literature  that  the  design  of  a 
crashworthy  structure  requires  that  a  logical  sequence  of  structural  fail¬ 
ure  be  planned.  The  use  of  seats  capable  of  taking  a  high  "G"  loading 
would  not  be  logical  if  the  design  requirements  for  the  airframe  and  major 
mass  items  (i.e.,  transmission,  engine)  are  such  that  failure  could  cause 
collapse  of  the  occupant's  liveable  space,  causing  injury  or  fatality, 
while  the  seat  remains  intact.  On  the  other  hand,  the  design  of  an  air¬ 
frame  sufficiently  strong  to  bold  occupants  in  place  under  high  impact 
velocities  while  the  airframe  is  undergoing  very  little  deformation  would 
be  as  undesirable  as  a  structure  which  collapses  easily,  since  the  occupant 
would  be  subjected  to  intolerable  acceleration  magnitudes.  The  incorpora¬ 
tion  of  energy  absorption  capability  into  the  structure  will  help  tc 
alleviate  the  aforementioned  design  inadequacies  since  energy  absorbers 
can  serve  the  following  functions: 


a)  Reduce  the  nontolerable  deceleration  pulses  on  the  occupant. 

b)  Permit  seat  structures  to  yield  to  short-duration  bigh- 
acceleration  pulses. 


Energy  absorbers  can  be  incorporated  prudently  throughout  the  airframe  to 
improve  the  structure's  crashworthiness  capability.  However,  as  is  the 
case  in  any  design  solution,  there  exists  a  trade-off  among  performance, 
cost,  weight  end  space.  Thus,  the  use  of  energy  absorbers  to  improve  air^ 
craft  crashworthiness  requires  a  determination  of: 


a)  Where  energy  absorption  is  most  critically  needed. 
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b)  The  amount  of  energy  absorption  required. 

c)  The  type  of  energy  absorber  that  will  best  serve  the  needs. 

d)  The  cost  in  terms  of  weight  and/or  space  that  can  be  toler¬ 
ated. 

Reports  (1),  (2),  (4),  (8),  (l6),(l9)  and  (20)  present  information  which 
is  pertinent  to  the  subject  of  energy  absorption. 

Reports  (l)  and  (2)  show  that  the  kinetic  energy  of  the  impacting  aircraft 
is  equal  to  the  energy  deformed  in  the  soil  and  the  structure.  The  con¬ 
trollable  factors  are: 

•  Average  force  developed  in  the  collapse  of  the  structure 

•  Linear  deformation  of  the  structure 

•  Deformation  energy  in  structure  other  than  the  cabin.  The 
reduction  in  the  deceleration  forces  requires  a  correspond¬ 
ing  increase  in  deceleration  distance  and,  consequently, 
cruahable  material. 
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Report  (4)  discusses  the  crash  environment  and  how  it  pertains  to  energy 
absorption..  The  terrain  is  considered  to  be  the  most  important  parameter 
in  determining  the  causes  of  structural  collapse.  With  soft  ground,  energy 
is  primarily  dissipated  due. to  soil  plowing  or  compression.  However,  on  a 
hard  surface,  friction  between  The  structure  and  surface  is  the  means  of 
dissipating  energy.  Energy  absorbed  by  failure  of  landing  gears,  pods  and 
pylons  is  considered  to  be  insignificant  due  to  their  small  mass  relative 
to  the  total  structure  for  longitudinal  velocity  impacts.  For  a  large 
transport,  the  report  concludes  that  kinetic  energy  cannot  efficiently  be 
absorbed  by  structural  collapse  and  still  retain  a  survivable  shell. 

Report  (8)  is  oriented  toward  determining  how  aircraft  kinetic  energy  is 
dissipated  and  what  are  the  most  critical  areas  for  crash  loading. 

Analysis  indicates  that  the  longitudinal  kinetic  energy  cannot  be  absorbed 
by  axial  collapse  of  fuselage  structure  alone,  due  to  the  amount  of  struc¬ 
ture  required.  Friction  forces  are  important  in  absorbing  energy  in  this 
direction.  Vertical  impact  energy  must  be  absorbed  by  crushing  of  the 
lower  fuselage. 

Report  (l6)  discusses  the  use  of  foam  plastics  and  aluminum  honeycomb  as 
energy  absorption  material.  Foam  plastics,  as  expected,  may  require  con¬ 
siderable  depth  to  satisfactorily  reduce  acceleration  levels,  whereas  the 
aluminum  honeycomb  material  stiffness  say  result  in  high  onset  rate. 

In  report  (19)  it  is  concluded  that:  (a)  it  is  completely  impractical, 
through  the  use  of  energy  absorbers,  to  significantly  reduce  the  longitud¬ 
inal  acceleration  level  for  occupants  in  accidents  involving  a  large  change 
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in  velocity  in  a  single  deceleration  pulse;  (b)  it  is  practical  to  pro¬ 
vide  energy  absorption  to  limit  vertical  acceleration  in  the  order  of  20- 
250  in  accidents  occurring  at  descent  rates  ranging  from  40-50  fps,  assum¬ 
ing  some  vertical  deformation  of  the  structure;  (c)  it  is  possible  to  re¬ 
duce  short-duration  (.005  to  .010  sec)  peak  loads  to  lower  values  in  order 
to  prevent  seat  failures  due  to  exceedance  of  design  strength.  Report  (20) 
discusses  the  use  of  energy-augmented  alighting  gears  for  helicopters 
which  will  absorb  appreciable  elastic  energy.  In  addition,  the  use  of  a 
load  limiter  between  the  pilot  seat  and  structure  is  investigated.  This 
concept  provides  additional  crushing  distance  for  the  pilot  over  that 
provided  by  the  airframe. 

Structural  Behavior  and  Failure  Modes 

The  information  obtained  in  the  literature  tends  to  show  agreement  on  the 
requirement  for  progressive  damage  in  a  controlled  manner  in  order  to 
achieve  improved  crashworthiness  design.  The  structural  failures  which' 
are  primarily  responsible  for  resulting  in  occupant  injury,  or  fatality, 
ar"3  considered  to  be: 

•  Longitudinal  crushing  loads  on  the  cockpit 

•  Vertical  crushing  loads  on  the  fuselage  shell 

•  Transverse  bending  of  the  fuselage  shell 

•  Buckling  deformation  of  the  floor  structure 

•  Landing  gear  penetration  of  the  fuselage  structure 

•  Rupture  of  flammable  fluid  containers 

•  Transmission  or  rotor  blade  penetration!  of  the  cabin  structure 

•  Lateral  collapse  of  the  fuselage  structure 

Modifications  to  the  structure  and  structural  design  cpneepts  have  been  pre¬ 
sented  in  many  of  the  reports.  Potential  improvements \ consist  of  increased 
energy  absorption  capability,  design  for  bre'ikaway,  transferral  of  major 
mass  items,  improved  equipment  tiedown,  and  strengthening  of  cabin  struc¬ 
ture.  The  literature  distinguishes  between  the  design  tor  longitudinal  and 
vertical  impacts  in  terms  of  their  different  structural  energy  requirements. 
In  the  longitudinal  impact,  unlike  in  vertical  impacts,  there  exists  a  high- 
force-level  energy  absorption  (friction)  exterior  to  the  aircraft,  and  the 
velocity  change  can  be  accomplished  in  a  relatively  long  time  Interval. 

Analysis  of  aircraft  structural  failure  modes  is  hampered  by  the  inability 
to  conveniently  describe  large  nonlinear  deformations  that  take  place 
during  an  impact  in  which  the  crash  environment  is  complex.  Aircraft  be¬ 
havior  after  impact  is  a  function  of  the  impact  conditions  and  the  struc¬ 
tural  characteristics  of  the  airframe  and  components.  Although  the  deter¬ 
mination  of  the  failure  mode  of  various  components  or  airframe  segments 
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provides  valuable  information,  there  exists  a  need  to  adequately  describe 
in  sequence  the  structural  behavior  and  failure  modes  during  a  crash  in 
order  to  develop  improved  design  criteria.  The  ability  to  understand 
vhat  is  happening  sequentially  is  an  important  aspect  in  developing  a 
consistent  approach  to  crashworthiness  design. 

Reports  (l),  (2),  (k),  (8),  and  (20)  contain  information  which  is  applic¬ 
able  to  the  areas  of  structural  behavior  and  failure  modes. 

Reports  (l)  and  (2)  discuss  structural  modifications  which  offer  promise 
of  improved  survival  in  aircraft  accidents.  The  contribution  of  the 
suggested  modifications  are  reviewed  in  light  of  the  influence  of  struc¬ 
tural  energy  absorption,  earth  gouging  and  scooping  phenomena,  and  change 
in  effective  mass  upon  the  two  crashworthiness  indices: 

•  extent  of  cabin  collapse 

•  floor  acceleration  levels 

Improved  structural  crashworthiness  in  longitudinal  impacts  is  deemed 
possible  by: 

•  Reducing  impulsive  earth  scooping 

•  Reinforcing  cabin  structure  to  prevent  its  collapse  within 
occupiable  areas 

•  Where  practical,  reducing  the  strength  of  the  fuselage  struc¬ 
ture  to  insure  failure  in  unoecupiable  areas 

•  Improving  energy  absorption  characteristics  in  the  structure 
forward  of  the  occupiable  area 

•  Increasing  deformation  and  energy  absorption  in  unoecupiable 
areas 

Improved  structural  crashworthiness  in  vertical  impacts  can  be  achieved  by: 

•  Transferring  mass  from  the  top  of  the  fuselage  to  the  cabin 
floor 

•  Strengthening  of  cabin  structure  so  as  to  increase  if  resist¬ 
ance  tc  vertical  collapse 

•  Modifying  the  cabin  structure  such  that  elastic  energy  absorp¬ 
tion  is  increased  or  plastic  energy  absorption  is  provided  at 
loads  less  than  the  general  collapse  load 

•  Increasing  energy  absorption  in  the  subfloor  structure  realiz¬ 
able  at  load  levels  below  the  cabin  collapse  load 
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Report  (4)  discusses  the  influence  that  material  properties  have  on  crash- 
worthy  designs.  It  is  essential  to  design  the  bottom  and  front  of  the 
fuselage  to  buckle  and  crush  as  opposed  to  tearing  or  rupturing  when 
impacted.  The  ductile  structure,  although  crushed,  will  continue  to  re¬ 
sist  load  and  absorb  energy.  In  addition,  the  use  of  ductile  material  will 
reduce  peak  loads  transmitted  to  the  occupants  or  equipment.  Report  (8) 
describes  the  manner  in  which  aircraft  kinetic  energy  is  absorbed  or 
dissipated  and  discusses  the  critical  areas  of  structure  for  crash  impacts. 

Report  (20)  describes  the  vise  of  the  breakaway  design  concept  and  its 
impact  on  crashworthy  designs.  The  paper  shows  that  a  crew  compartment 
in  an  experimental  Sikorsky  S-6o  was  designed  such  that  the  pilot  and 
crew  were  placed  in  a  pod  with  no  gear  structure  below  them.  The  canopy 
and  its  carry-through  structure  were  constructed  in  such  a  manner  as  to 
effect  a  partial  breakaway  capsule.  In  19&L  this  experimental  aircraft 
crashed.  The  pilot's  crew  compartment  held  intact  and  tore  away  from  the 
main  airf reuse,  and  there  were  no  injuries. 

Restraint  and  Escape  Systems 

The  literature  points  out  the  need  to  think  in  terms  of  a  total  restraint 
system  which  includes  the  seat,  the  seat  anchorage,  and  the  floor  structure 
as  opposed  to  considering  the  seat  by  itself  when  discussing  crashworthy 
design.  In  addition,  recognition  is  given  to  the  importance  of  dynamic 
considerations  in  the  development  of  strength  criteria.  Several  means  by 
which  occupant  deceleration  levels  can  be  reduced  are  discussed,  including 
proper  seat  belt  design,  energy  absorption  capability  between  the  seat, 
seat  belt  and  seat  attachment,  and  the  incorporation  of  progressive  plas¬ 
tic  collapse  properties  in  the  design  of  seat  structure. 

Reports  (2),  (13),  (15),  (19)/  (24),  (28),  and  (31)  present  data  applicable 
tc  restraint  and  escape  systems. 

Reports  (28)  and  (31)  are  Military  specifications  for  crashworthy  design 
of  ejection  and  nonejection  seat  systems,  respectively.  "These  specifica¬ 
tions  are  discussed  under  the  next  subject  area  (MIL  Specs). 

Report  (24)  discusses  the  limits  of  seat  belt  protection  during  crash 
decelerations.  Three  accident  cases  are  reviewed  in  this  report.  The 
report  states  that  the  estimates  of  tolerance  limits  associated  with 
standard  seat  belts  are  a  matter  of  speculation  and  can  range  from  15  to 
50  G *8 .  The  following  conclusions  are  presented: 

a.  Static  strength  is  not  indicative  of  a  seat  belt’s 
behavior  and  strength  under  a  dynamic  condition. 

b.  Seat  belt  characteristics  should  be  determined  in  combina¬ 
tion  with  the  system  cf  vhich  it  forms  a  part  and  the 
typical  pulse  of  the  vehicle  in  which  it  is  used. 


c.  Many  times,  protection  offered  by  seat  belt  restraint  is  not 
limited  by  "Gn  factors  but  by  injurious  aspects  of  the  occu¬ 
pant's  environment. 

Military  Specif ications  (MIL  Specs) 

The  MIL  Specs  present  very  little  in  the  way  of  useful  design  requirements 
for  airframe  structural  crashworthiness.  Several  of  the  specifications 
investigated  included  requirements  for  subsystem  or  component  crashworth¬ 
iness.  Of  these,  one  specification  was  limited  to  crash- resistant  fuel 
tanks  (29),  while  another  specification  was  for  aircraft  ejection  seat 
systems  (28).  A  third  specification  (30),  although  a  helicopter  struc¬ 
tural  design  r  (quirement  specification,  left  the  quantification  of  the 
crash  requirement  up  to  the  various  procuring  agencies. 

Report  (29)  if.  a  specification  for  aircraft  crash- resistant  fuel  tanks. 

The  crash  impact  test  requires  that  the  fuel  cells  be  dropped  65  feet 
(—65  fps  vertical  impact)  onto  a  nondeformable  surface  without  resultant 
spillage . 


Report  (30)  is  a  helicopter  structural  design  requirement  specification. 
The  crash  requirement  states  that  the  engines,  transmissions,  equipment 
and  useful  load  items,  and  their  carry- through  structure  are  to  be 
designed  such  that  their  failure  would  not  result  in  injury  to  personnel. 
However,  the  ultimate  inertia  load  factors  are  to  be  specified  by  the  pro¬ 
curing  agency.  Report  (3l)  is  the  only  specification  studied  that  con¬ 
sidered  ohe  crash  impact  environment,  dynamic  response  considerations,  and 
human  tolerance  limits.  The  specifications  reviewed  indicated  that  design 
requirements  for  crashworthiness  are  incomplete  and  unsystematic  in  their 
approach  to  the  problem  and  that  a  great  deal  of  inconsistency  exists  due 
to  requirements  set  forth  by  different  agencies. 

Report  (31)  is  a  recent  Military  specification  for  crashworthy  design  on  an 
aircraft  nonejection  seat  system.  This  specification  incorporates  many 
of  the  design  concepts  presented  in  report  (2)  and  discussed  in  reports (4), 
(13)  and  (i9).  In  particular,  the  specification  describes  dynamic  testing 
requirements  based  on  accident  data  acceleration  pulse  and  velocity  changes 
for  the  forward  side  and  vertical  directions.  The  specification  requires 
that  the  occupant  not  experience  acceleration  in  excess  (magnitude  and/or 
duration)  of  a  specified  acceptable  tolerance  level  in  the  vertical  direc¬ 
tion.  The  requirements  do  not  specify  acceptable  human  tolerance  levels 
in  the  transverse  directions,  nor  do  they  explicitly  distinguish  between 
downward  and  upward  tolerances.  A  third  factor  pertinent  to  human  toler¬ 
ance  levels,  rate  of  acceleration  onset,  is  not  explicitly  stated.  Report 
(28)  is  a  Military  specification  for  design,  of  an  aircraft  upward  ejection 
seat  system.  This  specification  defines  ultimate  crash  loads  for  forward, 
side  and  vertical  directions.  The  crash  requirements  of  report  (28)  are 
not  directed  toward  human  tolerance  iimlf.s  and  consequently  differ  from 
the  requirements  stated  in  report  (3i). 


SUBSTRUCTURE  TEST 


TEST  OBJECTIVE 


The  purpose  of  this  test  was  to  determine  the  energy  absorption  character¬ 
istics  of  a  fuselage  bumper  structure  under  dynamic  loading  conditions  for 
correlation  with  static  loading  conditions  and  analytical  studies. 

TEST  SPECIMEN 


The  test  specimen  was  a  P2V-4  Fuselage  Bumper  Assembly  (No.  134171-12). 
The  fuselage  bumper  was  chosen  for  the  test  program  for  the  following 
reasons  : 

•  The  fuselage  bumper  exhibits  static  load  deformation  char¬ 
acteristics  which  indicate  that  this  structure  is  a  candi¬ 
date  for  future  studies  regarding  energy  absorption. 

•  The  availability  of  static  load  deformation  data  from  a 
previously  conducted  program  (Reference  34)  provides  an 
expeditious  means  by  which  the  effect  of  the  rate  of  load¬ 
ing  on  the  load  deflection  characteristics  for  the  struc¬ 
ture  can  he  determined. 

•  The  fuselage  bumper  represents  the  type  of  structure  for 
which  the  current  "state-of-the-art"  analytical  methods 
should  be  applicable. 

The  test  specimen  is  shown  in  Figure  18. 

INSTALLATION 


The.  test  was  performed  in  a  shock  test  machine  at  the  Lockheed  Rye  Canyon 
Structures  Laboratory'.  Figure  19  shows  a  schematic  of  the  test  arrangement 
The  shock  machine  consists  of  a  rigid  frame  having  a  roller-guided  carriage 
to  which  a  ballasted  impact  head  is  attached.  The  ballast  impact  head 
weighed  2960  lbs  for  this  test.  A  solenoid-actuated  release  hook  suspended 
at  the  carriage  at  the  desired  drop  height  of  25-1/2  inches.  The  total 
anticipated  energy  for  this  weight  drop  free-fall,  height  and  anticipated 
structural  deformation  was  approximately  105,000  in- lb.  The  input  energy 
for  the  impact  test  was  set  at  approximately  10$  higher  than  that  estimated 
for  the  previously  conducted  static  tests  (Reference  3*0  to  insure  that 
-.he  structure  would  collapse  a  minimum  of  10  inches. 

The  specimen  was  supported  on  the  machine  base  by  rubber-padded  blocks, 
which  were  located  in  the  fore  and  aft  ends  of  the  specimen  and  at  inter¬ 
mediate  locations  ir.  line  with  specimen  internal  stiffeners.  Figure  20 
shows  the  teat  setup  for  both  the  static,  test,  described  in  Reference  31*. 
and  the  dynamic,  test,  described  in  this  report.. 


Figure  19.  Fuselage  Bumper  Test  Installation 


INSTRUMENTATION 


The  sensing  instrumentation  consisted  of  an  accelerometer  located  on  the 
impact  head,  a  displacement  transducer  arranged  to  measure  the  relative 
motion  between  the  machine  frame  and  the  carriage  throughout  the  entire 
period  of  mass  excursion,  and  a  supplementary  displacement  rod  to  measure 
the  deformation  of  the  structure.  The  accelerometer  (iOg  Statham)  had  a 
frequency  response  >15GHz.  The  displacement  transducer  consisted  of 
a  spring-loaded  rotary  pot  driven  by  a  thin  wire  cable,  which  generated 
an  output  signal  faithfully  representative  of  the  vertical  motion  of  the 
impact  head.  The  sensors  were  calibrated  immediately  prior  to  testing, 
through  procedures  traceable  to  the  National  Bureau  of  Standards.  Accel¬ 
erometer  and  displacement  transducer  outputs  were  recorded  directly  in 
the  Lockheed  Central  Data  System  (CDS)  as  time  histories  of  acceleration 
and  displacement.  Cross  plots  of  acceleration  versus  time  were  obtained 
from  the  recorded  data. 

PROCEDURE 


The  following  procedure  was  followed  during  the  fuselage  bumper  impact 
test: 

1.  The  carriage  was  raised  to  engage  the  release  hook  at  a  height 
which  would  position  the  impact  head  approximately  25-1/2  in¬ 
ches  above  specimen  contact. 

2.  Instrumentation  zt ro- reference  levels  were  adjusted  as  required. 

3«  The  oscilloscope  and  recording  switches  were  actuated,  and  the 
release  hook  solenoid  was  energized  to  permit  free-fall  of  the 
test  mass. 

4.  At  the  conclusion  of  the  test,  the  specimen  was  visually  in¬ 
spected.  Kultiview  photographs  of  the  deformed  specimen  were 
obtained. 

RESULTS 


'The  time  histories  of  the  acceleration  and  deflection  are  shown  in  Figures 
21  and  22  respectively.  The  high-frequency  oscillations  at  impact  (time  = 
2.32  seconds)  are  attributed  to  the  accelerometer  natural  frequency 
4C0  cps).  The  total  deformation  is  shown  to  be  approximately  11. 5  inches. 
The  acceleration  versus  deflection  is  cross  plotted  In  Figure  23  for  the 
time  period  of  interest  (t  »  2.32  sec  to  t  *  2.46  sec). 

To  compare  the  results  of  the  dynamic  impact  test  with  the  results  of  the 
static  test,  the  accelerations  were  transformed  to  loads  by  adding  1G  and 
then  multiplying  each  acceleration  level  by  the  weight  (2960  Ibe)  of  the 
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ballasted  impact  head.  These  results  are  shown  in  Figure  24  for  both  the 
static  and  the  dynamic  test.  The  load  deflection  curves,  in  general,  show 
additional  peaks,  particularly  after  the  structure  has  deformed  in  excess 
of  5  inches.  The  peak  load  levels  for  the  dynamic  test  reached  approx¬ 
imately  13,000  lbs  compered  to  11,000  ibs  during  the  static  test.  However, 
as  can  be  observed  in  Figure  24,  the  energy  absorbed  for  both  tests  shows 
excellent  agreement.  The  additional  input-  energy  supplied  in  the  dynamic 
test  is  reflected  in  the  results  since  the  specimen  deformed  11.5  inches 
during  the  dynamic  test  as  compared  to  10  inches  during  the  static  test. 

The  deformed  structure  for  both  the  static  and  dynamic  tests  is  shown  in 
Figure  25.  The  structure  deformed  in  much  the  same  manner  in  both  tests, 
although  from  Figure  25  it  does  appear  that  the  structure  had  flattened 
out  more  during  the  dynamic  test.  However,  a  review  of  the  test  setups 
(Figure  20)  indicates  that  the  shape  of  the  impact  head  used  in  the  dynamic 
test  could  have  contributed  to  this  "flattening"  .effect.  It  would  also 
account  for  the  higher  energy  peaks  noted  after  the  structure  bad  deformed 
several  inches. 


DEFLECTION,  IN.  ACCELERATION,  Cf'S 


3Ha*4**l i'W%^x  ryrr* 


Figure  22.  Deflection  vs  Time,  Fuselage  Bumper  Dynamic  Test. 
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Figure  23.  Acceleration  vs  Deflection,  Piiselage  Bumper  Dynamic  Test. 
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SUBSTRUCTURE  ANALYSIS 


OBJECTIVE 


The  objective  of  this  analysis  vas  to  determine  the  feasibility  of  using 
existing  computer  program  capabilities  to  obtain  load  deformation  charac¬ 
teristics  of  aircraft  structure  which  experiences  large  nonlinear  deflec¬ 
tions, 

METHOD 


The  fuselage  tail  bumper,  described  previously,  was  analyzed  using  an 
existing  LMSC* computer  program  ,  "STAGS "V*  STAGS  is  a  general  program  for 
the  analysis  of  shells  in  which  the  principle  of  minimum  potential  energy- 
la  used  in  conjunction  with  the  finite  difference  method.  STAGS  performs 
nonlinear  stress  and  stability  analysis  for  general  shells  and  is  capable 
of  treating  large  deflections.  Volume  II  contains  a  more  detailed  descrip¬ 
tion  of  STAGS. 

PROCEDURE 


The  local  displacement  curves  obtained  by  static  test  and  shown  in  Figure  . 
2k  indicate  that  buckling  (in  the  form  of  a  first  sharp  peak)  occurs  first 
at  approximately  5000  lbs.  Buckling  is  followed  by  a  gradual  crushing  of 
the  top  of  the  bumper  under  a  practically  constant  load.  At  a  deformation 
of  2  Inchee,  the  curve  starts  to  rise  again.  ThiB  is  attributed  to  the 
fact  that  the  bulkheads  at  that  point  start  to  take  load  through  direct 
contact.  A  sketch  of  this  loading  situation  is  shown  below. 


The  load  increases  to  approximately  10,000  lbs  and  thereafter  stays  reason 
ably  constant  up  to  8  or  9  inches  of  deformation. 

The  analysis  using  STAGS  assumes  that  the  crushing  of  the  shell  and  the 
crushing  of  the  bulkhead  both  take  place  under  constant  load. _ 

♦Lockheed  Missile  and  Space  Company,  Inc.,  Sunnyvale,  Calif. 

♦♦structural  Analysis  of  General  Shells 
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Shell  Analysis 

An  initial  step  in  the  application  of  STAGS  requires  that  the  geometry  of 
the  midsurface  be  defined  analytically.  That  is,  for  4  point  on  the  sur¬ 
face,  the  coordinates  in  a  Cartesian  system  are  given  in  terms  of  the 
values  of  the  set  of  shell  surface  coordinates  which  generate  the  finite 
difference  mesh.  The  shell  surface  coordinate  system  is  defined  in  Figure 
2 6.  The  geometry  corresponding  to  this  definition  is  shewn  in  Figure  2T. 
The  model  was  assumed  to  be  symmetric  about  the  plane  Z  «  0.  Although  the 
humper  is  not  quite  symmetric  about  the  Z  “  0,  this  sin®iifi6ation  eaves  a 
considerable  amount  of  computer  time  and,  in  view  of  the  approximate  nature 
of  the  analysis,  is  justified.  The  grid  lines  shown  in  Figure  27  are 
obtained  from  the  program’s  automatic  plotter. 


In  the  first  effort  of  analysis,  a  point  force  was  applied  at  the  apex  of 
the  bumper  with  an  inward  direction.  The  nonlinear  analysis  indicated  a 
maximum  in  the  load  displacement  curve  of  about  cne-third  of  the  load  at 
which  the  static  test  showed  rapidly  increasing  displacements.  The  pri¬ 
mary  reason  for  this  relatively  poor  result  appeared  to  be  that  the  load 
was  applied  at  one  point  rather  than  over  a  flat  surface  at  the  top  which 
increases  in  size  with  the  increase  in  load.  An  effort  was  made  to  apply 
a  distribution  of  point  forces  such  that  at  the  load  level  corresponding 
to  collapse,  the  bumper  is  relatively  flat  and  such  that  the  loads  are 
applied  approximately  over  this  area.  Apparently,  collapse  of  the  shell 
occurs  at  about  3500  lbs  total  load  on  the  bumper.  Figures  28a  and  28b 
show  a  "buckling  mode",  i.e.,  the  difference  in  displacement  between  the 
last  two  load  steps.  The  most  important  reason  for  a  deviation  between 
the  analytical  (3600  lbs)  and  experimental  (5000  lbs)  appears  to  be  that 
the  doubler  cap  was  not  included  in  the  analysis  and  that  the  stiffener 
(Figure  29a)  as  modeled  as  shown  in  Figure  29b;  it  is  possible  that  the 
analytical  and  theoretical  results  would  have  been  in  good  agreement  if  the 
model  was  improved  in  these  two  respects. 
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Bulkhead  Analysis 

The  geometry  of  the  bulkhead  as  modeled  for  STAGS  analysis  is  shown  in 
Figure  30.  The  coordinate  "S"  here  is  the  arc  length  along  the  inner 
contour.  The  bulkhead  is  .060-in. -thick  aluminum  material.  The  analytical 
description  of  the  shell  surface  is: 

0  <  cr  <  R  Q _ 

X  =  (  R  -  x)  cos  (  S/R) 

Y  *  (  R  -  x)  cos  (  s/R) 

Z  =  0 
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X 


Z,z 


EQUATIONS:  Y  =  a  -  b  2  -  c  2 

X  Z 

z  =  Z 

tan  a  =  Y/X 

X  -  -tana  +  ytan^a  -4b(ez2-a)  J  /2b 

Y  =  X  tan  a 
a  =  13  b  --  .333  c  =  .-19 

X.  Y,  Z  ARE  COORDINATES  IN  THE  CARTESIAN  SYST04 

<r)  z  ARE  shell  coordinates 


Figure  2o.  STAGS  Shell  Surface  Coordinate  System. 
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STIFFENER 


(A)  AC3UAL 


(B)  MODEL 


Figure  29.  Stiffener,  Actual  and  Model. 

R  ,  2.87  Aw 

ft  =  68°  /  7 


x  ra 


x,cr  ARE  SHELL  COORDINATES 

X,Y,Z  ARE  COORDINATES  IN  THE  CARTESIAN  SYSTEM 

R  =  RADIUS  TO  INNER  CONTOUR 

S  =  ARC  LENGTH  ALONG  INNER  CONTOUR  =  Ra 


Figure  30.  STAGS  Analytical  Model  of  Bulkhead. 
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a  >  R» 

X  *  (  H  -  x  )  cos  ft  -  (S  -  Rft)  sin  ft 

Y  =  (  R  -  x  )  sin  ft  +  (S  -  Rft)  cos  ft 

The  flanges  were  represented  as  eccentrically  attached  stiffeners.  At  the 
line  of  intersection  with  the  shell  (  outer  edge  for  0  >  ft),  it  is  assumed 
that  displacements  normal  to  the  bulkhead  are  restrained  but  that,  rotations 
and  in-plane  displacements  are  not  hindered.  A  point  load  was  applied  at 
the  apex  of  the  bulkhead  with  an  inward  direction.  The  biggest  problems 
in  modeling  here  seem  to  be  connected  with  lateral  restraint  at  the  top 
of  the  bulkhead.  Friction  is  probably  sufficient  to  prevent  the  shell 
from  sliding  against  the  bulkhead,  but  the  badly  crumpled  shell  provides 
only  partial  restraint  against  deformation. 

In  the  first  attempt-  a  point  force  was  applied,  and  it  was  assumed  that 
the  bulkhead  was  completely  free  at  the  point  of  load  application.  It 
appears  from  the  load  displacement  curve  that  the  maximum  definitely  lies 
below  2000  lb  (total  load  on  two  bulkheads).  As  efforts  were  made  to  con¬ 
tinue  the  run,  severe  convergence  difficulties  were  encountered.  These 
appear  to  be  due  to  the  formation  of  a  buckle  just  below  the  applied  load. 
The  case  was  not  further  pursued,  as  it  was  considered  unrealistic  to 
apply  the  load  at  a  point  and  to  assume  that  the  contact  point  was  free  in 
the  lateral  direction.  In  a  less  conservative  analysis  it  was  was  assumed 
that  the  load  was  distributed  as  shown  in  Figure  31  and  that  the  bulkhead 
was  restrained  from  lateral  displacements  but  free  zo  rotate  at  the  mid- 


igure  .ft.  Load  Distribution. 
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The  elastic  analysis  showed  no  collapse  of  the  bulkhead  in  a  run  up  to 
about  10,000  lb  load.  However,  this  load  level  corresponds  to  very  high 
stresses.  As  presently  the  inelastic  version  of  STAGS  doe6  not  take 
plastic  deformations  in  the  stiffener  into  account,  a  more  accurate  analy¬ 
sis  cannot  at  this  time  be  performed.  To  assume  that  a  cutoff  at  the  load 
level  at  which  the  proportionality  limit  is  reached  or  at  the  yield  strength 
of  38*000  psi  would  be  too  conservative.  As  a  plastic  hinge  may  form  at 
the  center  plane  and  as  the  stresses  are  moderate  elsewhere  in  the  bulk¬ 
head,  it  seems  possible  that  even  a  cutoff  at  the  ultimate  stress  (6l,000 
psi)  may  result  in  a  conservative  analysis.  However,  the  latter  choice 
appears  to  represent  the  best  that  can  be  done  at  present.  The  biggest 
stress  is  a  tension  stress  in  the  hoop  direction  at  x  =  a  ~  0.  This 
stress  reaches  a  level  of  about  60,000  psi  as  the  applied  load  (total  on 
two  bulkheads)  equals  3000  lb  (almost  linearly).  It  is  possible  that  the 
actual  buckling  load  is  lower,  but  more  likely  it  goes  the  other  way,  and 
an  analysis  including  plasticity  may  indicate  good  agreement  between  test 
and  theory. 


RESULTS 


Figure  32  shows  a  comparison  between  the  theoretical  and  static  test  re¬ 
sults.  The  analysis  shows  that  approx iirately  60,000  in.-lb-of  energy  is 
absorbed  in  10  inches  of  deformation  as  compared  to  appro  ..jately  90,000 
in, -lb-  of  absorbed  energy  during  the  static  test.  A  major  difference  be¬ 
tween  the  analysis  and  test  results  exists  in  the  determination  of  the 
load  which  causes  initial  buckling  of  the  shell.  In  the  analysis,  this 
load  is  3500  lb,  versus  6000  lb  during  the  test.  This  difference  which 
accounts  for  approx Irately  25,000  in. -lb  of  energy  throughout  the  10 
inches  of  deflection  is  the  most  significant  discrepancy  noted  in  the 
comparison.  After  nearly  2  inches  of  deflection,  the  bulkheads  start  to 
take  the  load  through  direct  contact.  The  analysis  shows  that  the  bulk¬ 
heads  take  an  additional  constant  3000  lb  over  the  latter  8  inches  of 
deformation.  The  analytical  results  for  the  bulkhead  leading  are  reason¬ 
ably  close  to  the  test  data,  which  indicate  an  additional  average  of  3500 
lb  in  tne  last  8  inches  of  deflection. 

It  is  anticipated  uhat  the  analysis  can  be  refined  to  better  represent  the 
fuselage  bumper,  particularly  the  doubler  cap  and  stiffener.  Additional 
effort  in  uhe  choice  of  grid  representation,  load  distribution,  and  bound¬ 
ary  conations  could  also  enhance  the  analytical  results.  However,  improve¬ 
ments  of  this  nature  undoubtedly  would  require  additional  engineering  time 
and  computer  expense. 

The  nonlinear  analyse  s  of  general  types  of  shells  has  only  recently  become 
feasible,  and  as  such  the  prediction  of  energy  absorbed  during  crashing  is 
a  formidable  task.  Although  STAGS  is  considered  to  perform  the  nonlinear 
analysis  of  shells  in  an  efficient  manner,  it  has  several  limitations  which 
prevent  an  accurate  prediction  of  the  manner  in  which  a  shell  wrinkles  as 
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we  get  into  the  range  of  very  large  deformations .  For  one,  the  basic 
equations  for  STAGS  are  valid  for  only  moderate  ( <  20°)  rotations.  Also, 
as  a  sharp  peak  is  reached  in  the  load  displacement  curve,  it  is  generally 
impossible  to  find  converged  solutions  beyond  this  peak.  Another  limita¬ 
tion  in  the  present  version  of  STAGS  is  that  it  cannot  account  for  plastic 
deformation  of  the  structure. 


DEFLECTION,  IN. 


Figure  32.  Comparison  of  Test  and  Analytical  Load- Deflection  Curves. 
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MATHEMATICAL  MODEL  DESCRIPTION 
PROGRAM  "KRASH11  DESCRIPTION 

Program  "KRASH"  was  developed  during  Phase  II  of  the  Btudy  described  here¬ 
in.  It  computes  the  time  history  response  of  N  arbitrarily  interconnected 
lumped  masses.  Each  mass  is  allowed  six  degrees  of  freedom  defined  by  in¬ 
ertial  coordinates  x»,  y^,  z^  and  Eulerian  angles  t/ri}  1  *  1,2,  ...N. 

Euler’s  equations  of  motion  are  written  for  each  mass.  The  equations  of 
motion  are  integrated  numerically  to  obtain  velocities,  displacements  and 
rotations.  Angular  momentum  terms,  due  to  rotor  angular  velocity,  are 
included  in  the  equations  of  motion. 

The  following  loads  (forces  and  moments)  act  on  each  lumped  mss: 

1.  Gravity  forces 

2.  Aerodynamic  forces 

3.  Internal  forces  and  moments 

4.  External  forces  and  moments 

•  ■  —  V'- 

The  gravity  forces  are  self-explanatory.  The  aerodynamic  forces  consist 
of  a  simple  lift  force  on  each  mass  held  constant  throughout  the  run.  This 
force  is  computed  for  each  mass  as  an  input  fraction  of  the  total  vehicle 
weight.  *  ? 

The  internal  forces  and  moments  result  from  the  deformation  of  structural 
members,  termed  ’’beams",  which  interconnect  the  various  lumped  masses.  The 
degree  of  interconnect ivity,  i.e.,  which  of  the  N  nesses  are'  interconnected, 
is  specified  in  the  input.  Each  beam's  properties  are  specified  in  terms 
of  a  6.x  6  linear  stiffness  matrix  relating  the  forces  and  moments  at  mass 
J  to  the  relative  deflections  and  rotations  c if  mass  j  with  respect  to  mass 
i. 


The  actual  internal  forces  are  computed  on  an  incremental  basis.  Each 
increment  is  just  the  incremental  linear  force  determined  from  the  stiff¬ 
ness  matrix,  times  the  incremental  deflection,  umltipiied  by  a  stiffness 
reduction  ractor  KR.  For  each  beam  element,  there  are  six  different  XR's, 
one  for  each  relative  deflection.  For  a  given  relative  deflection,  say 
axial  deflection,  the  corresponding  KR  applies  to  all  six  possible  loads 
due  to  this  deflection.  Each  KR  is  input  es  a  tabular  function- of  the 
corresponding  deflection.  For  small  deflections,  KR  «*  1  so  that  a  linear 
analysis  is  obtained;  for  larger  deflections,  KR  ^  1  so  that  general  plastic 
deformations  are  allowed.  Since  the  forces  are  computed  incrementally,  KR 
is  simply  the  slope  of  the  appropriate  load-stroke  curve.  The  structural 
element  is  assumed  to  behave  the  came  under  the  influence  of  positive  and 
negative  loads. 
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In  addition  to  the  above,  the  internal  load  computation  is  written  such 
that  unloading  and  subsequent  reloading  occurs  along  a  linear  elastic 
line.  Once  any  of  the  six  deflections  exceeds  an  input  value,  the  mem¬ 
ber  is  assumed  to  have  failed  completely  (fracture)  and  the  interconnect¬ 
ing  forces  are  set  to  zero  for  the  remainder  of  the  run.  The  program 
equation  provides  for  the  inclusion  of  viscous  damping  for  all  of  the 
internal  elements. 

The  external  forces  result  from  the  crushing  of  structure  which  is  external 
to  the  lumped  masses.  Each  lumped  mass  is  allowed  to  have  as  many  as  three 
mutually  perpendicular  "springs"  which  radiate  outward  from  the  mass. 
Obviously,  only  those  masses  on  the  exterior  of  the  vehicle  will  use 
these  springs.  When  any  spring  contacts  the  ground,  an  axial  spring  com¬ 
pression  load  is  calculated  from  an  input  table  of  spring  axial  load 
versus  axial  compression. 

Unloading  (extending)  and  reloading  follow  an  elastic  line  whose  stiffness 
is  input,  so  that  energy  is  absorbed  in  permanent  deformation.  In  add¬ 
ition,  beyond  an  input  maximum  deflection,  further  loading  -  unloading 
proceeds  along  a  steep  elastic  line  (input  constant).  This  is  to  represent 
the  finite  crushing  distance  available,  beyond  which  the  stiffness  increases 
drastically.  The  external  springs  do  not  develop  tensile  loads  and  do  not 
fracture  as  do  the  internal  "beams". 

A  ground  drag  load  is  computed  at  the  ground  contact  point  for  each  spring. 
This  lead  is  just  a  constant  input  friction  coefficient  times  the  normal 
component  of  the  axial  spring  loads.  The  direction  of  the  drag  load  is 
opposite  to  the  velocity  vector  of  the  contact  point.  The  contact  surface 
(ground)  is  assumed  to  be  flat  and  rigid. 

Program  "KRASH"  has  a  built-in  routine  which  will  determine  when  an  ident¬ 
ified  mass  penetrates  a  defined  occupiable  volume.  In  addition,  the  pro¬ 
gram  will  obtain  the  Dynamic  Response  Index  (DRl)  for  desired  personnel 
locations.  Program  KRASH  uses  a  modified  predictor-corrector  integration 
routine  and  includes  an  initial  condition  subroutine  which  provides  for  a 
balanced  vehicle  at  the  start  of  the  analysis. 

The  complete  theory  for  both  the  initial  condition  subroutine  and  the  main 
program,  as  well  as  a  user's  guide  and  sample  problem,  is  presented  in 
Volume  II. 

QUALITATIVE  ANALYSIS 

Prior  to  conducting  the  helicopter  drop  test,  a  qualitative  analysis  was 
performed  using  program  KRASH  for  the  purpose  of  showing  that  the  program 
is  capable  of  predicting  structural  responses  to  combined  vert leal- lateral 
crash  irpsets.  The  UH-1H  helicopter  that  was  modeled  is  sketched  in  Figure 
33.  The  analytical  model  representing  the  UH-IH  that  was  used  to  perform 
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the  qualitative  analysis  consisted  of  25  masses  and  32  internal  beam 
elements  and  is  shown  in  Figure  34.  The  description  of  the  model  masses, 
mass  locations  and  weights  for  the  qualitative  analysis  is  shown  in  Table 
V.  Crushing  of  the  fuselage  was  obtained  by  representing  the  fuselage 
with  nonlinear  external  springs  at  stations  10  through  19,  22  and  23. 

The  analysis  was  performed  for  the  following  impact  conditions: 

9  10  fps  vertical  velocity 
9  30  fps  vertical  velocity 

•  30  fps  (vertical)  and  20  fps  (lateral)  velocities  and  10° 
roll  angle 

Shell  computer  run  was  performed  for  a  representative  1C'. '-ml  Hi  second 
crash  condition.  The  100-millisecor.d  duration  was  chose.i  for  the  analysis 
for  the  following  reasons: 

•  The  time  is  consistent  with  previous  analysis  and  test  data. 

•  Significant  impact  responses  are  expected  in  this  initial 
time  period. 

•  Significant  trends  can  be  seen  in  this  time  duration. 

For  the  landing  skids  and  tail  boom,  the  program  option  to  indicate  member 
failure  was  exercised.  However,  for  the  engine  and  transmission,  it  was 
decided  to  allcw  the  loads  and  deflections  to  exceed  the  anticipated  limit¬ 
ing  values  in  order  to  obtain  additional  information.  In  this  instance, 
failure  of  the  mass  item  is  judged  qualitatively  hy  ascertaining  from  the 
time  history  whether  limiting  deflections  ere  exceeded. 

The  results  of  the  computer  analysis  are  shown  in  Table  VI,  which  summar¬ 
izes  the  failures,  peak  G  loads,  and  structural  deformations  obtained  for 
the  three  cases  analyzed. 

The  results  of  the  vertical  impact  cases  compare  favorably  with  the  data 
published  by  Dynamic  Science.  In  particular,  the  trends  for  low  and  high- 
energy  impacts  are  consistent  with  expectations.  Table  VII  shows  a  compar¬ 
ison  between  the  qualitative  results  obtained  from  program  KRASH  and  the 
results  from  Dynamic  Science3  for  10  fps  and  30  fps  vertical  impacts. 

The  results  from  KRA3H  generally  show  loirer  decelerations  and  greater 
fuselage  deformation  than  the  Dynamic  Science  results.  The  model  used  to 
perform  the  qualitative  analysis  with  program  KRASH  has  softer  external 
spring  characteristics  than  does  the  Dynamic  Science  model  which  resulte 
in  lower  deceleration  and  greater  fuselage  deformation  from  KRASH.  It  is 
anticipated  that  the  use  of  etiffer  fuselage  external  springs  in  KRASH 
would  result  in  higher  floor  G  loads  and  less  fuselage  deformation.  The 
output  data  from  KRASH  indicates  that  the  vehicle  pitches  slightly 
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Helicopter  Model  Representation  Used  in  the  Qualitative  Analysis 


TABLE  V  -  QUALITATIVE  ANALYSIS  MODEL  GRID  POXST  IDENTIFICATION 
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STABLE  VI.  SUMMARY  OF  (JJAIJTATIYF  ANALYSIS  RESULTS 


Impact  Velocity 


_ RESULT _ 

Did  landing,  skid  fail 
Did  boom  contact  ground 
Did  boom  fail 

Did  fuselage  contact  ground 
Did  transmission  fail 
Did  engine  fail 

Max.  deformat. ion  of  fuselage  (in) 

Max.  vertical  accel.  of  engine 
Max.  vertical  accel.  of  transmission 
Max.  vertical  accel.  of  fuselage 
Max,  lateral  accel.  of  engine 

Max.  lateral  accel.  of  transmission 

Max.  lateral  accel.  of  fuselage 

Occupant  deceleration/ crushing  injury 


Vertical 
10  fps 

Vertical 

30  fps 

yes 

yes 

no 

no 

no 

yes 

yes 

yes 

*## 

MUM 

no 

yes 

M.  W  M 

no 

yes 

2 

11. T 

5.5 

44 

6.8 

36 

22 

42 

0 

0 

0 

0 

C 

0 

no 

yes 

-  ..  ...  ^ 

Combined 
Vertical  (30) 
Lateral  (20) 


*  10  roll  angle 

**  Boom  rotations  were  less  than  established  limiting  values;  however, 
at  the  end  of  the  computer  run  (100  ms),  the  rotation  was  approaching 
the  estimated  failure  point . 

***  No  failure  of  the  engine  wai;  programmed;  however,  the  d ef lections 
noted  in  the  ti-a  history  exceed  the  anticipated  limit! 't',  value?.. 
Results  from  previous  trial  runs  showed  that  the  trano.iicsion  mount 
/ould  bottom  at  a  vertical  impact  of  30  fps  in  approximately  .050 

seconds.  Softer  springs  representing  the  transmission  mounts  do  net 
I  bottom  during  the  low-level  impact.  (10  fps)  . 

j  iHHHtf^Bocinium  accelerations  are  in  "G"  units. 
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TABLE  VII.  COMPARISON  OF  QUALITATIVE  RESULTS  WITH  REFERENCE  3  DATA 


10  fps 

Vertical  Impact 

30  fps 

Vertical  Impact 

DESCRIPTION 

Ref.  3 

KRASH 

Ref.  3 

KRASH 

Maximum  Acceleration  of  Engine  * 

4.2 

5.? 

65 

44 

Maximum  Acceleration  of  Transmission* 

2.9 

6.8 

42.5 

36 

Maximum  Relative  Deformation  of** 
Fuselage 

.1 

2 

2.4 

11.7 

Maximum  Relative  Deformation  of** 
Landing  Gear 

7-4 

9. 

9.0 

9.0 

Did  Landing  Gear  Break 

no 

yes 

yes 

yes 

Did  Boom  Break 

no 

no 

yes 

yes 

Did  Fuselage  Contact  Ground 

yes 

yes 

yes 

yes 

Did  Boom  Contact  Ground 

no 

no 

no 

no 

Did  Transmission  Fail 
(Mounts  Bottom) 

no 

no 

yes 

yes 

fUnits  of  acceleration  are  G's 
*»Unlts  of  deformation  are  inches 


(2-1/2  degrees)  during  the  vertical  Impact.  However,,  yaw  and  roll  angles 
remain  insignificantly  emull,  which  for  a  symmetrical  vertical  impact 
condition  is  to  he  expected. 

During  the  combined  vertical-lateral  impact,  the  lateral  G  loads  reach 
peak  values  of  13,  12  and  10  for  the  engine,  transmission  and  fuselage, 
respectively.  The  associated  deflections  for  the  engine  and  transmission 
are  considered  to  he  sufficiently  large  to  cause  failure  of  these  items 
in  either  the  vertical  or  the  lateral  direction. 

the  combined  vertical-lateral  imyact  velocity  crash  analysis  was  compared 
to  several  accident  cases  described  earlier,  in  which  estimates  were  made 
of  the  initial  impact  conditions.  In  particular,  cases  4,  6  and  T  (Table  I) 
were  reviewed.  In  general,  the  results  of  the  analysis  show  qualitatively 
that,  as  in  the  cases  of  the  accidents,  severe  damage  to  the  landing 
skids  and  transmission  can  be  expected.  The  acceleration  level?  sustained 
at  the  floor  are  sufficiently  large  to  cau^e  injuries  due  to  decelerativc 
force 3  or  collapse  of  structure.  The  analysis  indicates  that  failure  of 
the  engine  mounts  by  both  lateral  and  vertical  forces  is  to  be  expected. 

The  accident  pictures.  Figures  4  through  8,  do  not  show  epparent  engine 
damage.  However,  it  is  difficult  to  assess  engine-mouf  damage  due  to  the 
lack  of  a  clear  view  of  the  detail  structure.  The  analysis  does  not  show 
the  degree  of  forward  fuselage  or  cabin  collapse  indicated  in  the  accident 
photographs.  One  reason  for  this  discrepancy  is  that  the  initial  conditions 
of  10°  roll  and  /u  *  .1  are  perhaps  too  mild  to  cause  a  rollover.  The 
actual  accident  initial  impact  rotaticial  displacements  and  velocities  are 
undoubtedly  different  from  the  analytical  case.  The  commentary  on  the 
accidenl  cases  indicates  that,  to  some  degree,  damage  to  the  rotor  blades 
and/or  tail  boom  can  occur  prior  to  the  ground  Impact.  Additionally,  one 
must  recognize  that  the  impact  surfaces  have  substantially  different  co¬ 
efficients  of  friction  which  influence  postimpact  behavior  of  the  vehicle. 

The  number  o.  people  (crew  and  troops)  involved  in  the  three  accident  cases 
varied  from  4  o  10,  which  represents  a  potential  weight  variation  of  up  to 
1300  lb  and,  c  •  jequently,  changes  the  amount  of  energy  that  is  to  be 
absorbed  by  thi  structure  during  the  craBh  impact. 

C0RREIATI0N  MODEL 

The  n*,ch  model  used  in  the  qualitative  analyses  was  refined  during  the 
correlation  studies  to  inc  rporate  the  following  changes: 

•  The  model  was  expanded  to  31  masses  a rd  38  internal  beam  elements 
so  as  to  include  th»  Dynamic  deepense  Index  (DRI)  model.  The  DRI 
model  used  during  the  correlation  study  is  described  in  detail 
in  the  next  section, 

e  The  representative  ollapsible  length  of  the  skids  prior  to 
contact  with  the  fuselage  underscale,  was  increased  from  9*5 
inches  to  14  inches  V.  ue  more  consistent  with  the  correct 
vehicle  geometry. 
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•  The  external  springs  vere  revised  to  more  correctly  represent 
their  energy  absorption  capability  as  indicated  by  the  test 
results . 

•  Nonlinear  load  deflection  characteristics  of  the  engine  and 
transmission  mounts  were  modified  to  more  accurately  depict 
their  failure  modes. 

The  math  model  that  was  used  to  correlate  with  test  data  is  shown  in 
Figure  35.  The  description  of  the  model  masses,  mass  locations  and  weights 
is  shown  in  Table  VIII.  Crushing  of  the  fuselage  was  obtained  by  represent¬ 
ing  the  fuselage  with  nonlinear  external  springs  at  several  fuselage  sta¬ 
tions.  The  free  lengths  of  these  springs  are  shown  in  Table  VIII.  The 
characteristics  of  the  external  springs  ure  shown  in  Figure  36.  The 
springs  were  chosen  so  as  to  simulate  fuselage  deformation  and  floor  defor¬ 
mation  and  floor  accelerations,  as  determined  from,  the  test  data,  while 
reproducing  measured  eng’ne  and  transmits.' ~n  responses.  The  engine  and 
transmission  support  structure  was  determined  from  available  U.  S.  Army, 

Bell  Helicopter  and  Dynamic  Science  data  ani  modified  as  required.  The 
following  publications  provided  information  which  was  used  to  model  the 
JJH-1H: 


«  Bell  Helicopter  Reports 

205-099-991,  "Basic  Structural  Design  Criteria" (Reference  45) 

205~099-003,  "Structural  Description  Report"  (Reference  46) 

205-099-004,  "Unit  Inertia  Loads  -  Weight  and 

Ir.ortia  Distribution  Bata"  (Reference  4o) 

205-099-007,  "Stress  and  Loads  Analysis"  (Reference  47) 

205-099-401,  "Skid  Gear  Drop  Tests"  (Reference  48) 

205-099-403,  "Static  Tests  of  the  UHY-1D"  (Reference  44) 

•  USAAVLABS  Technical  Report  70-71,  January  1971  (Reference  3) 


The  external  springs  are  represented  as  having  the  following  load  deflec¬ 
tion  regimes ;  elastic,  plastic  and  a  second  elastic  stiffness.  The  plastic 
regime  represents  crushing  at  constant  load.  The  final  elastic  regime  re¬ 
presents  the  end  of  the  finite  crushing  distance  available,  beyond  which 
point  the  sttucture  becomes  etiff.  Fuselage  centerline  masses  10  and  l6 
are  considered  stiffer  than  the  sides.  The  landing  skid  deflections  of 
1.2  inches  represent  crushing  of  the  lower  tubular  cross-section,  not  over¬ 
all  skid  deflections.  The  dashed  lines  in  Figure  36  indicate  the  unloading 
path  used  after  the  second  elastic  region  is  reached.  A  ground  coefficient 
of  friction  of  .3  was  used  for  all  external  springs. 
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VERTICAL  SPRING  DEFLECTION,  IN. 


Figure  36.  External  Springs. 


Figures  37  through  42  show  the  load  deflection  curve  and  stiffness  re¬ 
duction  factors  (KR)  applied  to  the  internal  beams  supporting  the  engine 
and  transmission,  landing  skids  and  tail  boom.  The  actual  instantaneous 
beam  stiffness  is  the  product  of  the  linear  input  stiffness  and  the  KR 
factors  in  the  figures.  Normally,  KR  is  initially  equal  to  1,  represent¬ 
ing  linear  behavior,  and  then  decreases  to  zero  or  even  negative  values. 

Zero  KR  corresponds  to  a  flat  load- stroke  curve,  negative  KR  corresponds 
to  decreasing  load  with  increasing  deflection.  The  units  of  DX’s  shown 
in  the  figures  are  inches  for  deflections  (x,  y,  z)  and  radians  for  rota¬ 
tions  (  <f>  >  0,  if/  ) . 

Some  of  the  engine  and  transmission  support  beam  KR's  drop  to  zero  and 
then  increase  to  .2.  This  represents  a  stiffness  change  resulting  from 
interference  with  adjacent  structure,  such  as  the  engine  compartment 
floor.  The  landing  skid  KR’s  in  Figure  4l  drop  from  1  tc  -3* 33*  This 
is  done  so  that  when  the  skids  rupture  in  the  analysis,  the  load  in  the 
skid  is  near  zero  (the  area  tinder  the  KR  curve  is  zero).  If  thiB  is  not 
done,  a  large  transient  response  occurs  when  the  skids  rupture,  due  to 
the  sudden  imbalance  in  the  system.  While  this  transient  response  would 
be  representative  of  a  brittle  fracture,  it  is  felt  that  the  failure  of 
the  skids  is  more  gradual.  The  same  reasoning  applies  to  the  tail  boom. 
Figure  42,  in  the  non-axial  directions. 

The  transmission  axial  (vertical)  KR,  shown  in  Figure  39#  is  the  only  one 
that  doesn't  start  at  1,  This  starts  at  a  very  low  value  corresponding  to 
the  8 oft  transmission  mounts,  then  increases  to  1  representing  the  much 
stiffer  basic  structure  beneath  the  transmission.  Note  that  the  axial 
direction  for  element  8-9  is  essentially  vertical. 

DYNAMIC  RESPONSE  INDEX  (DRl) 

Six  masses  (2 6  through  3l)  were  added  to  the  qualitative  analysis  model 
(Figure  33)  to  represent  the  DRl's  at  the  vehicle  aft  and  forward  sections. 
The  Dynamic  Response  Index  (DRl)  measurement  is  described  In  detail  in 
References  35  and  36.  The  occupant  seat  and  main  response  is  modeled  in 
program  KRASH  as  shown  in  Figure  43. 

The  10  Hz  man  is  modeled  to  obtain  the  seat  response,  and  then  independently 
the  seat  response  is  used  to  find  the  response  of  an  8  Hz  man.  In  program 
KRASH  the  response  of  masses  26,  28  and  30  are  found  simultaneously;  how¬ 
ever,  mass  30  is  not  permitted  to  feed  back  responses  to  mass  26. 
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IATERAL  DEFLECTION,  IN. 


Figure  33.  Engine  Lateral  Stiffness  and  Stiffness  Reduction  Feu  cor. 
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VERTICAL  LOAD 


VERTICAL  DEFLECTION,  IN. 

Figure  39*  Transmission  Vertical  Stiffness  and  Stiffness  Reduction 
Factor . 
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Figure  4l.  Landing  Gear  Skids  Vertical  Stiffness  and  Stiffness 
Reduction  Factor. 
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Figure  k2.  Tail  Boom  Stiffness  and  Stiffness  Reduction  Factor 
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The  model  coefficients  obtained  from  cadaver  tests  for  spinal  injury  and 
presented  in  reference  35  are: 

u-n  *  52.9  rad/sec  (natural  frequency) 

£  *  .224  (damping) 


The  model  coefficients  for  the  1C  Hz  man  needed  bo  obtain  the  seat  response 
presented  in  reference  36  are: 

a>n  *  62,8  rad/sec  (natural  frequency) 

{  «  *3  (damping) 


t  =  %  critical  damping 


Figure  43.  Itynamic  Response  Index  (DRI)  Model. 
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TEST  OBJECTIVE 


EXPERIMENTAL  PROGRAM 


A  drop  test  was  performed  with  a  Government-furnished  UR-lH  for  the 
purpose  of: 

1.  Ascertaining  the  accuracy  of  the  mathematical 
simulation  developed  during  Phase  II. 

2.  Providing  a  basis  for  improvement  c?  the  computer  program. 

3.  Providing  data  which  will  enhance  ae  development  of  improved 
design  criteria  and  concepts. 

SITE  PREPARATION 


The  test  site  was  the  Lockheed  Rye  Canyon  Laboratory  Facility.  Prepara¬ 
tion  for  the  test  site  included  the  use  of  some  existing  structure  as 
well  as  the  fabrication  of  new  major  te3t  support  items.  The  layout  of 
the  test  setup,  shown  in  Figure  44,  notes  the  various  significant  items. 
A  brief  description  of  those  items  which  were  fabricated  specifically 
for  this  program  follows. 

Concrete  Rid 


A  24  -  ft  -  x  -  36  -  ft  x  6  -  in.-  thick  concrete  pad  reinforced  with  a 
steel  rod  was  installed  for  the  drop  test  as  the  impact  surface  fer  the 
test  vehicle.  The  surface  was  chosen  to  more  closely  represent  the  in¬ 
finitely  rigid  surface  used  in  the  computer  simulation. 

Swing  Support  Boom 

The  boom  is  an  "A"  frame  structure  39  ft  long  and  10  ft  across  the  base. 

The  boom  consists  cf  a  welded  assembly  of  iO-inch-square  steel  tubing 
with  a  hinge  at  the  base,  where  it  attaches  to  an  existing  drop  tower, 
and  a  clevis  device  at  the  apex  end,  where  the  boom,  a  crane  pickup,  and 
the  constraint  loads  connect  through  a  single  pir .  The  boom  was  used  to 
stabilize  the  upper  pivot  of  the  swing  5^  ft  above  the  ground  when  supported 
by  a  derrick  crane. 

Swing  Hangef-Release  Mechanism 

This  assembly,  shown  in  Figure  45*  consists  of  two  10-in.  box  beams,  each 
5  ft  long,  «and  a  solenoid  release  hook  device.  The  swing  hanger  beam 
(upper  beam),  attached  to  the  swing  straps,  and  the  mast  lianger  beam 
(lqwer  beam),  attached  to  the  helicopter  mass,  are  nested,  together  under 
a  preload  acting  through  a  release  mechanism. 
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Figure  44*  Site  Preparation 


■LATERAL  SWING  RELEASE  SOLENOID 
ACTUATED  HOOK 


Figure  46.  Vertical  (Free-Fall)  Solenoid  Activation 


These  last  two  items  are  not  significant  for  structural  strength  con¬ 
siderations.  The  mast  hanger  beam  represents  the  weight  of  the  main 
rotor  hub  arm  assembly  within  +  10$.  The  helicopter  weight  and  c.g. 
were  measured  to  be  85 00  lb  and  F.S.  135>  respectively. 

Fuel 


The  helicopter  was  loaded  for  testing  by  filling  the  fuel  cells  two- 
thirds  full  (150  U.  S.  gallons)  of  dyed  water  to  sinulate  on-board  load¬ 
ing  of  the  aircrafts  full  fuel  load  capability  of  224  U.  S.  gallons. 

On-Board  Loading 

Thirteen  anthropomorphic  dummies,  weighing  uf  to  200  lb  each,  were  prop¬ 
erly  placed  in  the  seats.  Two  Government-furnished  cameras  were  installed 
on  board  to  take  motion  pictures  of  the  cabin  interior.  Figures  47  and 
48  are  photographs  showing  the  dummies  installed  in  the  vehicle.  The 
rear-mounted  cameras  can  be  seen  in  the  latter  photograph.  The  locations 
of  the  various  anthropomorphic  dummies  are  shown  in  Figure  4j. 

INSTRUMENTATION 


The  Lockheed  Rye  Canyon  Central  Data  System  (CDS)  is  the  primary  facility 
for  data  recording  and  processing. 

Instrumentation  consisted  of  the  following: 

•  24  accelerometers 

•  2  strain  gage  bridges 

•  1  fuselage  deflection  indicator 

Accelerometers 


Twenty-four  accelerometer  channels  with  signal  conditioning  amplifiers 
were  used  to  record  dynamic  response  of  the  structure  and  pilot  during 
the  test.  The  signals  were  fed  directly  into  the  CDS  ccsgputer  storage 
(memory  disc).  The  accelerometers  are  of  piezo  resistive  type  (Endevco, 
CEC  and  Stetham),  with  an  assortment  (depending  on  location  of  the  test 
vehicle)  of  dynamic  ranges  up  to  250  g’s.  The  frequency  responses  of 
the  accelerometers  range  from  300  Hz  to  2000  Hz.  Figure  49  shows  the 
various  locations  of  the  accelerometers  throughout  the  vehicle.  Table  IX 
describes  the  accelerometer  locations,  sensing  directions  and  recording 
data.  Figures  50  through  58  show  typical  accelerometer  mountings.  All 
the  data  were  recorded  directly  into  the  CDS  system  (24  chsmnels);  13  of 
these  channels  were  simultaneously  recorded  on  tape,  to  provide  a  degree 
of  redundancy . 
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LEGEND: 

□  DENOTES  LOCATION  OF  ANTHROPOMORPHIC  DUMMIES 
O  DENOTES  LOCATION  OF  ACCSIBRCMETERS 
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Figure  49.  Accelerometer  and  Passenger  Locations  -  Helicopter  Drop  Test. 
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IABUB  EC,  ACCED5R0METER  LOCATIONS  AND  SJN3TNC  DIRECTIONS 
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figure  50.  Accelerometer  Location,  PAX  Pelvic. 


Figure  56.  Accelerometer  Location, ^Copilot  Seat. 


Figure  57.  Accelerometer  Location,  Pilot  Floor 


Figure  58.  Accelerometer  Location,  Tail  Rotor  Gearbox  . 


Fuaelage  Deflection  Indicator 

Center  fuselage  deformation  was  measured  by  means  of  a  single  deflection 
indicator  rod  positioned  diagonally  across  the  fuselage  with  the  lower 
end  attached  to  the  fuselage  structure  at  the  floor  and  the  upper  end 
equipped  with  a  scale  target  projecting  through  the  akin.  One  of  the 
ground  cameras  provided  continuous  coverage  of  the  above-described 
deflection  measurement.  The  camera  was  synchronized  with  the  accelero¬ 
meter  and  strain  gage  measurements,  thus  providing  time  correlation. 
Figure  59  shows  the  deflection  rod  which  was  installed  at  approximately 
F.  S.  68. 

Strain  Gages 

Two  bending  strain  gage  bridges  were  installed,  one  on  each  of  the  left- 
hand  skid  struts  close  to  the  fuselage.  The  gages  are  used  to  correlate 
bending  in  the  struts  to  vehicle  impact  response.  The  strain  gage  data 
was  recorded  directly  into  th-  CDS  and  thus  is  time  synchronized  with 
the  accelerometer  data.  Fi/tre  60  ehovs  the  strain  gage  installation 
on  the  aft  strut. 


Figure  59.  Fuselage  Deflection  Rod. 


Figure  60.  Strain  Gage,  Aft  Strut. 
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PHOTOGRAPHY 

Nine  high-speed  cameras  and  two  normal-speed  documentary  camels  were  used 
to  record  the  trajectory  of  the  htlicopter  and  the  impacting  action.  Two 
of  the  high-speed  cameras  (provided  by  the  U.  S.  Army)  were  installed  on¬ 
board  the  helicopter.  One  camera  faced  forward  covering  the  pilot  and 
copilot,  and  one  camera  faced  rearward  to  cover  the  passengers.  The  re¬ 
maining  seven  high-speed  cameras  were  positioned  on  the  ground  to  record 
the  aircraft  impact  action  with  the  aid  of  stadia  poles  that  were  used  as 
position  references. 

The  normal-speed  cameras  covered  the  overall  scene  for  documentary  pur¬ 
poses.  The  high-speed  cameras  were  remotely  controlled  and  synchronized 
against  a  time  base  common  to  the  CDS  recording  system.  For  the  purpose 
of  identifying  deformation  of  major  structures,  stripes  were  painted  on 
the  structure  inside  the  cabin  and  on  the  outside.  Still  photographs 
were  taken  of  the  test  setup  and  instrumentation  prior  to  the  drop  test 
structural  damage  to  the  vehicle  and  components  and  the  final  positions 
of  the  anthropomorphic  dummies  after  the  test. 

Figure  6l  is  a  layout  showing  the  camera  coverage,  types  of  cameras,  and 
the  frames  and  lens  setting  associated  with  each  camera. 

TEST  PROCEDURE 

Pretest  Check-Out 

Prior  to  the  planned  drop  test,  several  preliminary  checks  were  made  with 
the  helicopter  placed  in  the  test  position.  These  tests  were  performed 
to  determine  the  following: 

•  instrumentation  calibration 

•  instrumentation,  equipment  and  photographic  synchronization 
e  swing  separation  from  the  tower 

•  v_’.iicle  balance  and  motion 

•  predicted  trajectory  evaluation 
The  following  preliminary  tests  were  performed: 

Initial  Swing  Performance  Tests  -  The  helicopter  was  raised  vertically 
to  a  height  leas  than  1  foot  off  the  concrete  pad  and  from  this  position 
was  laterally  displaced  23°  with  the  side  pull  system.  The  helicopter 
was  released  to  swing  freely  for  purposes  of  observing  all  body  motion 
of  the  test  * chi.de .  The  vehicle  motion  was  filmed.  A  review  of  the 
tests  and  the  film  indicated  that  no  significant  undesirable  yaw  or  roll 
motion  was  present.  However,  on  the  backswing  (safety  bolts  were 
installed  in  the  swing  hanger  block  which  prevented  a  vertical  release) 
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the  vehicle  developed  a  yawing  motion  which,  on  subsequent  traverses, 
increased.  The  yawing  motion  was  considered  to  be  large  enough  to 
present  a  potential  problem,  in  the  event  of  a  failure  of  the  vertical 
release  mechanism  to  operate  during  the  test.  Thus,  as  a  safety  pre¬ 
caution,  it  was  decided  to  add  stainless  steel  straps  for  the  purpose 
of  arresting  the  vehicle  motion  during  an  overswing.  The  straps  were  of 
sufficient  length  to  allow  the  vehicle  freedom  of  motion  for  at  least  10 
feet  after  impact.  This  is  considered  sufficient  distance  so  as  not  to 
distort  the  test  data.  The  vehicle,  although  not  swing  tested,  was 
placed  at  its  full  40°  position  for  check-out  of  the  test  alignment. 
Figures  62  and  63  show  the  vehicle  at  the  23°  vertical  release  and  at  the 
full  40°  lateral  release  positions,  respectively. 


The  swing  tests  were  repeated  with  the  stainless  steel  straps  in  place. 

The  improvement  in  vehicle  motion  on  the  tackswing,  from  a  safety  aspect, 
was  considered  to  be  significant,  and  the  test  was  planned  with  the  use 
of  arresting  straps.  The  straps  are  shown  in  Figure  64.  During  the  pre¬ 
liminary  swing  tests  the  release  microswitch  was  activated  and  operated 
satisfactorily  each  time. 

The  preliminary  swing  tests  also  provided  an  opportunity  for  the  test  per¬ 
sonnel  to  familiarize  themselves  with  the  test  procedures. 

Low-Level  Drop  Tests  -  The  helicopter,  installed  on  the  swing,  was  raised 
vertically  to  a  height  approximately  3  inches  above  the  concrete  pad  (4 
fps  vertical  impact)  with  the  skids  level.  The  vehicle  was  dropped  to 
check  out  the  instrumentation  system  and  the  vertical  separation  system 
(solenoid  release  mechanism  for  free-fall).  A  height  of  3  inches  was 
chosen  for  the  pretest  based  on  Army-supplied  landing  skid  strain  gage 
data  from  drop  tests  which  indicated  that  the  strain  developed  at  this 
drop  level  is  The  threshold  value  above  which  the  skids  would  experience 
permanent  set.  The  results  of  this  low-level  test  were  recorded  in  CDS. 
Immediately  after  the  tests,  the  results  were  available  on  a  scan;  and 
within  2  hours  after  the  tests,  hard-copy  plots  of  all  measured  parameters 
were  available.  The  results  were  compared  with  acceleration  predictions 
using  computer  program  KRASH  and  Army-supplied  landing  skid  strain  gage 
data.  The  first  run  indicated  that  several  accelerometers  and  strain 
gages  were  interchanged  and  that  some  accelerometer  polarities  were 
reversed.  Changes  were  made  to  the  instrumentation  setup,  and  the  low- 
level  drop  test  was  repeated.  The  test  data  obtained  from  the  second 
low-level  teet  was  satisfactory. 
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Figure  62.  Vehicle  at  23°  Position. 


Figure  63.  Vehicle  at  40°  Position. 
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Figure  64.  Arresting  Straps. 


Drop  Test 

Initial  Conditions 

The  initial  conditions  upon  ground  impact  as  described  in  the  test  plan 
were : 

vertical  velocity  (fps) 
lateral  velocity  (fps) 
longitudinal  velocity  (fps) 
pitch  angle  (deg) 
yaw  angle  (deg) 
roll  angle  (deg) 

Teft  Sequence 

The  helicopter  drop  test  was  conducted  according  to  the'  following  pro¬ 
cedural  step: 

•  Raised  the  test  vehicle,  installed  on  3Wing,  to  a  vertical 
height  of  approximately  t  feet  off  the  pad. 


28  +2 
1?.5  +2.5 
0 

0  +5 
0  +5 
15  +5 
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®  Laterally  displaced  the  vehicle  to  an  offset  swing  pos¬ 


ition  angle  of  approximate 
release  mechanisms. 


23  to  set  up  the  free-fall 


•  Laterally  displaced  the  helicopter  to  the  maximum  offset 
position  angle  of  approximately  40°  and  prepered  to  start 
the  test  with  data  acquisition  system  and  cameras  ready 
on  signal. 

•  Started  the  Test: 

1.  -  Data  recording  systems  on 

2.  -  Normal-speed  camera  on 

3.  -  High-speed  camera  on 

4.  -  Swing-release  latch  energized 

•  Activated  microswitch  upon  contact  by  laterally  swinging 
vehicle. 

•  Energized  solenoid  and  initiated  free  fall. 

•  Impacted  with  concrete  pad. 

•  Shut  down  test  photo/instrumentation. 


TEST  RESULTS 


General 


A  review  of  the  test  setup  and  the  high-speed  film  coverage  indicated  that 
the  vehicle  impacted  with  the  following  conditions: 


vertical  velocity  (fpe) 
lateral  velocity  (fFs) 
longitudinal  velocity  (fps) 
pitch  angle  (deg) 
yaw  angle  (deg) 
roll  angle  (deg) 


1  (nose  down) 

0 

10  (right  side  up) 


Figure  65  shows  the  drop  sequence  photographed  at  2  frames/sec.  Upon  im¬ 
pact,  the  skid  leading  edge  at  the  forward  strut  contacted  the  ground 
first.  The  vehicle  pitched  nose-up  after  impact  and  rolled  onto  the  skid 
trailing  edge.  There  was  extensive  damage  to  the  fuselage  left  side  and 
underside  and  the  cabin  structure  forward  of  the  pilot  and  copilot.  The 
troop  seats  at  fuselage  stations  117,  139  and  158  totally  collapsed,  and 
the  final  positions  of  the  anthropomorphic  dummies  reflected  a  shift  of 
the  dummies  in  the  direction  of  impact.  The  tail  boom  experienced  a 
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fracture  at  F.  S.  316.  The  engine  and  transmission  appeared  to  survive  3 

the  impact  in  good  condition.  Although  there  was  no  noticeable  failure  1 

of  either  the  engine  or  the  transmission,  there  was  a  slight  yaw  rotation 
of  the  engine.  The  floor  experienced  extensive  buckling.  Buckling  of  the 
fuselage  cabin  was  also  noted  in  the  postte6t  inspection.  The  impact  ver¬ 
tical  velocity  was  lower  than  stated  in  the  test  plan,  and  the  difference  j 

is  discussed  in  the  TEST  DATA  section  of  Volume  II. 

All  the  high-speed  cameras  functioned  during  the  test;  however,  the  rear- 
mounted  on  board  camera  did  not  activate  until  after  the  impact,  thus 
providing  limited  data.  All  the  accelerometers  and  strain  gages  per¬ 
formed  properly  during  the  test.  However,  after  impact,  two  amplifiers 
were  overdriven  by  G  forces  which  exceeded  their  peak  acceleration  set¬ 
tings.  The  accelerometers  affected  were  Installed  near  the  passenger 
pelvic  area  (lateral)  and  on  the  forward  floor  (lateral). 

A  left  side  (impact  side)  view  of  the  posttest  crash  is  shown  in  Figure 
66.  Figure  67  presents  a  view  looking  from  the  rear,  showing  the  vehicle's 
final  position.  In  both  photographs  fuel  spillage  is  quite  noticeable. 

Figures  68  through  j8  depict  some  of  the  damage  sustained  during  impact. 


A  summary  of  the  damage  sustained  by  the  troop  seats  and  structure  is  pre¬ 
sented  in  Tables  X  and  XI,  respectively. 

Landing  Gear  Skids 


The  leading  edge  of  the  left  skid  made  initial  ground  contact  at  impact. 

The  sequence  of  subsequent  skid  contact  was  approximately  as  follows, 
from  the  time  of  initial  impact; 

•  full  left  skid  at  1.1  msec 

•  right  skid  front  at  45  msec 

•  full  right  skid  at  52  msec 

The  skids  were  damaged  extensively  and  collapsed,  as  was  to  be  expected. 
Figures  68  and  69  show  the  damaged  left  and  right  landing  skids,  respect¬ 
ively  . 

Fuselage  Structure 

The  fuselage  underside  was  estimated  from  the  high-speed  films  to  have 
contacted  the  ground  at  approximately  109  msec  after  initial  ground  impact. 
At  approximately  143  msec  after  impact,  the  films  indicated  that  the 
fuselage  reached  a  maximum  deflection  of  between  4  and  4.5  inches.  Post¬ 
test  inspection  revealed  that  at  several  locations,  most  notably  at  the 
juncture  of  the  fuselage  and  skids,  there  was  as  much  as  2  to  3  inches  of 
permanent  deformation.  A  posttest  inspection  of  the  deflection  rod 
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TABLE  X.  PASSENGER  AND  SEAT  TEST  RESULTS 


All  passengers  had  seat  belts  fastened.  Oily  pilot  and  Copilot  had  shoulder  belts 


Figure  66.  Posttest  Damage,  Left  Side  View. 


Figure  67.  Posttest  Damage,  Rear  View. 


Figure  68.  Posttest  Damage,  Left  Landing  Skid. 


indicated  that  the  fuselage  experienced  a  maximum  deflection  of  approx¬ 
imately  3.2  inches,  of  which  2.4  inches  was  permanent.  The  floor  was 
noted  to  have  “buckled  approximately  2  inches  in  several  sections  near 
mid  fuselage.  Figures  TO  and  71  are  tvo  views  of  the  fuselage  underside 
depicting  deformation.  ^ 

Tail  Boom  ^ 

The  tail  boom  fractured  at  approximately  F.  S.  3l6.  From  the  high-speed 
films,  the  boom  was  noted  to  start  bending  at  225  ms  after  initial  ground 
impact,  and  the  boom  tip  contacted  the  ground  at  just  slightly  over  400 
ms  after  initial  ground  impact.  Figure  J2  shows  e  close-up  view  of  the 
tail  boom  damage. 


Figure  T2.  Posttest  Damage, Tail  Boom  F.S.  31^. 

Crew  Seats  and  Anthropomorphic  Dummies 

The  seats  located  at  F.  S.  117/  139  and  158  collapsed  totally  as  a  result 
of  the  impact.  The  instrumented  dummy  (medical  attendant)  located  at  the 
rear  left  seat  (F.S.  156)  ended  up  seated  cn  the  floor  with  the  knees 
raised  (Figure  73).  The  final  position  of  the  various  dummies  indicated 
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a  left-leaning  tendency  which  is  consistent  with  the  direction  of  impact. 
The  cross  bar  rearward  of  the  five  passengers  at  F.  S.  117  indicates  a 
high  potential  of  injury  to  the  occupants  due  to  possible  impact  at  or 
near  the  neck.  Figures  73  through  j6  show,  in  detail,  the  damage  to  the 
seats  and  the  final  positions  of  the  dummies.  The  floor  below  these 
occupants  also  appeared  to  survive  the  impact  in  good  condition.  Figures 
77  and  J8  show  close-up  views  of  a  troop  seat  at  F.  S.  8l.8  and  the  co¬ 
pilot  seat,  respectively. 


Figure  73-  Posttest  Damage,  Left  Side  Seats  and  Troops. 


Figure  77-  Posttest  Damage,  Troop  Seat  F.S.  3l.3,  Left  Side. 
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Figure  78.  Posttest  Damage,  Copilot  Seat,  Left  Side. 
Power  Plant 


The  engine  appeared  to  survive  the  impact  in  good  condition.  The  posttest 
inspection  revealed  a  slight  yaw  rotation  to  the  left  where  the  engine 
connects  to  the  housing.  The  right  mounts  show  a  slight  distortion.  The 
posttest  view  of  the  engine  is  shewn  in  Figure  79- 
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Figure  79.  Posttast  Damage,  Jfcgine. 
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Figure  80.  Posttest  View,  Transmission. 


1  DATA  REDUCTION 

s 

* 

I  The  responses  (24  accelerometers  and  2  strain  gages)  were  recorded  directly 

|  into  the  Lockheed  Central  Data  System  (CDS).  This  data  Is  digitized  and 

[  was  used  to  obtain  numerically  integrated  velocities  ar.d  displacements. 

{  The  recorded  accelerations  and  integrated  velocities  and  displacements  are 

l  presented  in  Volume  II.  Thirteen  of  these  responses  were  simultaneously 

i  recorded  on  a  backup  tape  system.  These  data  were  filtered  using  100-cps 

l  filters  (down  3  db  ®  100  cps).  The  filtered  accelerations  are  presented 

in  Volume  II. 

A  summary  of  the  peak  decelerations,  recorded  during  the  test,  is  shown 
in  Table  XII. 


TABLE  XII.  SUMMARY  OF  TEST  MEASURED  PEAK  DECELERATIONS 


Test 

Trace 

No. 

Accelerometer  location 

Fuse¬ 

lage 

Station 

CDS  Data 
0's***/Time* 

. 

Filtered**** 

G's***/Time* 

07 

Pilot  Seat  Pan,  Vertical 

-40/110 

-65/l40 

-25/100 

-20/l40 

08 

Pilot  Seat  Pan,  Lateral 

70/l4o 

35/115-135 

09 

Copilot  Seat  Pan,  Vertical 

4? 

-IIO/115 

-60/l05 

10 

Copilot  Seat  Pan,  Lateral 

4? 

45/115 

20/125 

30 

Floor  Copilot,  Vertical 

4? 

-JtS/ioo 

-30/90 

31 

Floor  Copilot,  Lateral 

4? 

55/105 

27/102 

32 

Floor,  Pilot,  Vertical 

47 

-78/140 

-45/3.OO 

33 

Floor,  Pilot,  Lateral 

hj 

32/l4o 

- 

3A 

Cargo  Floor  Fwd,  Right  Vertical 

81 

-125/110 

- 

35 

Cargo  Floor  Fwd,  Right  Lateral 

81 

50/100 

- 

3  6 

PAX  Floor  Left,  Vertical 

87 

-100/95 

- 

37 

PAX  Floor  Left,  Lateral 

87 

50/120 

36 

Cargo  Floor  Fwd,  Left  Vertical 

81 

-170/100 

- 

39 

Cargo  Floor  Fwd,  Left  Lateral 

81 

66/115** 

- 

40 

Transmission,  Vertical 

136 

-30/110 

-26/IOO 

4l 

Transmission,  lateral 

136 

10/100 

6.8/130 

h2 

Transmission,  Axial 

136 

+8/100 

+5/100 

43 

Engine,  Vertical 

18$ 

-25/110 

20/100 

44 

Engine,  Lateral 

189 

+15/160 

-15/105 

+12/150 

-10/95 

45 

Engine,  Axial 

189 

+1 2/100 

+10/95 

46 

Tail  Boom,  Vertical 

455 

20/335 

- 

4? 

Tail  Boom,  Lateral 

45 

15/120 

- 

48 

PAX  Pelvic,  Vertical 

157 

-25/110 

- 

60 

PAX  Pelvic,  lateral 

157 

-64/115-** 

- 

♦Time  after  impact  in  milliseconds  ***Positive  O’s  are  down,  to 

the  right  end  forward 

♦♦Amplifiers  overdriven  during  test  ****100 -cps  low-pass  filter 


GENERAL 


CORRELATION 


The  math  model  used  in  the  correlation  studies  is  presented  in  Figure  35 
and  Table  vm  and  discussed  in  the  section  entitled  CORREIATION  MODEL. 

The  initial  conditions  used  for  the  correlation  computer  analysis  are  as 
follows: 


Initial  Velocity  -  23  fps  vertical  (down) 

18.6  fps  lateral  (left) 

26.4  deg/sec  roll  velocity  (right  side 

down) 

Initial  Attitude  -  10  deg  roll  (left  side  down) 

1  deg  pitch  (nose  down) 

The  analysis  shows  good  agreement  with  test  results  in  the  following 
essential  areas: 


i.  sequence  of  events 
vehicle  motion 

time  of  occurrence  of  peak  responses 

fuselage  maximum  deflection  and  permanent  deformation 

changes  in  vertical  and  lateral  velocity 

fuselage  peak  vertical  deceleration 

engine  and  transmission  peak  deceleration- 

engine  and  transmission  deflections 

passenger  dynamic  response 

From  observations  of  the  high  speed  films,  the  deflection  rod  markings, 
and  posttest  measurements,  it  is  estimated  that  the  maximum  lower  fuselage 
deflection  with  respect  to  the  floor  during  the  test  was  between  4  and 
4.5  inches  and  that  the  permanent  deformation  was  between  2  and  3  inches. 
The  analysis  indicates  a  maximum  deflection  of  2.3  inches  at  the  forward 
fuselage  (mass  point  16)  and  5*0  inches  at  the  aft  fuselage  (mass  point 
10).  The  permanent  deformation  obtained  in  the  analysis  was  approximately 
1.8  inches  forward  and  3  inches  aft.  Table  XIII  shows  a  summary  comparison 
of  the  analysis  and  test  impact  sequence  and  fuselage  deformation.  The 
test  data  was  obtained  primarily  from  nominally  1000  frames,/ sec  film 
data  which  translates  into  approximately  1  millisecond  (msec)  per  frame. 

At  a  sink  speed  of  23. fps,  the  vehicle  is  moving  approximately  l/4  inch 
every  1  msec.  Thus,  differences  of  several  milliseconds  between  the  test 
and  analysis  data  are  *.ot  considered  significant.  For  example,  a  full  10 
millisecond  time  shift  can  be  accomplished  by  altering  the  external  spring 
lengths  by  2.5  inches,  which  is  less  than  15$  of  the  free  length  of  IT 
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inches  used  in  the  analysis.  The  analysis  assumes  an  initial  roll  velo¬ 
city  of  .4615  rad/sec  and  a  ground  coefficient  (u)  of  .3  which,  if  differ¬ 
ent  than  the  test  conditions  could  contribute  to  the  slight  differences 
in  time,  noted  in  Table  XIII,  between  the  analysis  results  and  the  test 
observations. 


TABLE  XIII.  COMPARISON  OF  ANALYSIS  AND  TEST  IMPACT  TIMES 

OF  OCCURRENCE  AND  FUSELAGE  DEFORMATION  * 

Event 

Test 

Analysis 

Time  After  Impact  (msec) 

Left  Front  Skid  Impact 

0 

0 

Full  Left  Skid  Impact 

11 

T 

Right  Front  Skid  Impact 

45 

v_r. 

ON 

Full  Right  Skid  Impact 

53 

61 

Maximum  Fuselage  Underside 
Deflection 

143 

128  ** 

Maximum  Deflection  (Maas  10) 

4”  -  4.5" 

5.0’’ 

(Mass  l6) 

2.3" 

Permanent  Deformation  (Mass  10) 

r 0 

s 

LO 

3.0" 

(Mass  16) 

1.8" 

*  Time  after  impact  in  Milliseconds  (msec) 

**  Average  of  masses  10  (aft)  and  l6  (forward) 

ACCELERATIONS 


The  correlation  between  analysis  and  test  measured  accelerations  is  pre¬ 
sented  in  Table  XIV  and  Figures  8l  through  86.  The  analytically  deter¬ 
mined  peak  deceleration  levels  shown  in  Table  XIV  compare  very  favorably 
with  the  test  results.  The  peak  deceleration  levels  obtained  by  analysis 
generally  occur  slightly  later  than  indicated  by  test  data. 


The  transmission  vertical  deceleration  results  give  excellent  agreement 
in  both  peak  values  and  time  of  occurrence.  The  engine,  although  agreeing 
in  peak  value,  shows  a  peak  response  occurring  9  to  19  milliseconds  later 
than  noted  in  the  test  (129  msec  vs  110-120  msec).  The  floor  vertical 
accelerations,  obtained  by  analysis,  are  slightly  lower  than  measured  and 
they  occur  approximately  9  to  14  milliseconds  later  than  noted  in  the  test. 
The  pilot  seat  pan  vertical  acceleration  test  data  agrees  with  the  analysis 
in  amplitude  (4$)  and  time  (4  msec).  The  passenger  peak  vertical  response 
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is  within  4$  of  the  test  value  but  occurs  more  than  28  milliseconds  later. 
The  aft  passenger  location  in  the  mathematical  model  is  located  near  the 
engine  and  the  time  of  occurrence  of  peak  vertical  response  for  both  the 
passenger  and  engine  are  very  similar.  The  comparison  of  test  and  analy¬ 
sis  vertical  acceleration  time  histories  are  shown  in  Figures  8l,  82  and 
83  for  the  floor,  transmission  and  engine,  respectively.  Figures  84,  85 
and  86  show  the  correlation  between  test  and  analysis  for  the  passenger 
floor  (rear  left),  passenger  pelvic  and  pilot  seat  pan,  respectively.  The 
peak  responses  of  the  transmission,  engine  and  rear  s'eated  occupant  are 
shown  by  analysis  to  occur  3  msec,  15  msec  and  34  msec  after  the  occur¬ 
rence  of  peak  floor  accelerations,  respectively.  The  test  data  indicates 
that  the  peak  floor  accelerations  occur  approximately  15  msec  prior  to 
the  peak  accelerations  for  the  aforementioned  masses.  By  considering  the 
relative  times  to  peak  responses  for  the  various  masses  the  correlation 
results  between  analysis  and  test  are  shewn  to  be  extremely  close. 

The  lateral  peak  acceleration  correlation  shows  good  agreement  for  the 
transmission  and  engine.  Although  the  transmission  analytical  peak 
value  is  greater  than  the  test  value,  the  time  of  occurrence  of  the 
peak  response  is  in  agreement.  The  engine  peak  responses,  analytical 
and  test,  show  excellent  agreement.  However,  the  predicted  value  occurs 
much  earlier  than  the  test  value.  A  softened  lateral  engine  mount  rep¬ 
resentation  was  included  in  the  parameter  study  phase  of  the  study  and 
the  results  Indicated  that  the  time  differential  between  the  analysis 
and  the  test  is  reduced  to  approximately  28  msec  from  45  msec.  With  the 
softer  engine  mounts  the  peak  accelerations  obtained  by  analysis  still 
shows  good  agreement  with  the  test.  The  engine  mount  stiffness  is  appar¬ 
ently  softer  than  that  indicated  in  Figure  38  .  The  lateral  floor  peak 

accelerations  do  not  show  good  agreement  with  the  test  data.  The  time  of 
occurrence  is  consistent  with  the  other  data  comparisons,  in  that  the 
analytical  results  indicate  6  to  26  msec  lag  as  compared  to  the  test 
results.  At  the  floor  the  analysis  shows  a  peak  response  of  -10  G’s  ver¬ 
sus  -40  G’s  (unfiltered  test  data).  However,  it  is  surmised  that  100  cps 
low-pass  filtering  of  this  data  would  reduce  the  response  level  to  less 
than  20  G’s,  based  on  reductions  obtained  from  other  filtered  data.  The 
mathematical  model  floor  accelerations  are  expected  to  be  lower  than  test 
data  beeaxise  the  model  represents  the  floor  with  several  lumped  masses, 
whereas  the  test  installed  accelerometers,  although  mounted  as  close  as 
practical  tc  rigid  surfaces,  do  in  fact  measure  local  responses.  The 
model,  on  the  other  hand,  by  the  choice  of  relatively  large  masses,  in¬ 
herently  has  a  lower  frequency  response  (  ^  6-10  cps)  than  that  recorded 
by  the  corresponding  accelerometers.  However,  although  the  accelerations 
may  differ,  the  model  accounts  for  the  proper  forces  being  transmitted  to 
the  upper  mass  components  (transmission  and  engine)  as  noted  by  their 
respective  responses.  The  transmission  and  engine  provide  rigid  masses 
upon  which  to  mount  accelerometers. 
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TABLE  XIV.  COMPARISON  OF  ANALYSIS  AND  TEST  PEAK  DECELERATIONS 
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Figure  82.  Correlation  of  Transmission  Rotor 
Housing  Accelerations. 
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Figure  63.  Correlation  of  Engine  Accelerations. 
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Figure  84.  Correlation  of  Passenger  Floor  Rear  Left 
Vertical  Accelerations. 
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Figure  85.  Correlation  of  Passenger  Pelvic  Vertical  Accelerations 
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Figure  86.  Correlation  of  Pilot  Seat  Pan  Vertical 
Accelerations . 
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The  comparison  of  analysis  and  test  axial  acceleration  for  the  engine 
transmission  as  well  ae  velocities  and  disp] elements  is  presented  in  the 
ANALYTICAL  DATA  section  of  Volume  II.  No  attempt  was  made  to  improve  the 
results  in  the  sixial  direction  since  the  purpose  of  the  study  is  to 
develop  a  mo  lei  to  investigate  combined  vertical  and  lateral  impacts. 

The  maximum  engine  and  transmission  member  deflections  are  shown  in  Table 
XV.  The  values  noted  are  in  agreement  with  the  summary  of  structural 
damage  described  earlier  in  Table  XI. 


TABLE  XV.  MAXIMUM  MEMBER  DEFLECTIONS  OBTAINED  BY  ANALYSIS 


Engine  -  Member  4-7 
Member  5-7 

Transmission  -  Member  8-9 


Vertical 

(in.) 

Lateral 

(in.) 

.04 

.17 

.13 

.17 

1.17 

.48 

VELOCITIES 


The  test  velocities  were  obtained  by  numerically  integrating  the  recorded 
accelerations.  A  trapezoidal  rule  was  used  which  incorporated  a  .008 
sec  integration  time  interval.  The  integration  routine  required  an  in¬ 
put  of  initial  velocities  which  were  obtained  from  a  review  of  the  high¬ 
speed  films.  The  integrated  velocities  are  considered  to  provide  valuable 
information  regarding  trends  and  for  evaluating  consistency  of  data.  The 
absolute  velocity  values,  however,  must  be  viewed  with  caution  since  small 
offset  accelerations  due  to  structural  damage,  passenger  and  seat  move¬ 
ment  or  channel  noise,  can  show  up  a«  significant  velocity  values.  For 
example,  a  .10  offset  could  alter  the  velocity  after  .2  sec  by  as  mu  \  as 
.64  fps. 

The  correlation  velocities  are  shown  in  Figures  87  through  90  for  the  floor 
vertical,  floor  lateral,  transmission  and  engine,  respectively.  The  trends 
are  consistent  with  expectations.  The  analysis  shows  a  slightly  higher 
velocity  change  over  the  .2  sec  time  span  of  comparison. 

DISPLACEMENTS 

The  test  displacements  represent  total  movement  of  the  respective  loca¬ 
tions  and  were  obtained  by  numerically  integrating  the  recorded  accelera¬ 
tions  twice.  The  initial  displacement,  at  impact,  was  assumed  to  be  zero. 
Any  errors  in  obtaining  integrated  velocities  will  also  show  up  in  the 
displacements.  For  example,  the  same  .1G  acceleration  offset  which 
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produced  a  .65-fps  velocity  difference  after  .2  sec  will  result  in  a 
.77-inch  incremental  displacement.  For  longer  time  periods  the  discrep¬ 
ancy  can  become  quite  pronounced. 

Figures  91  through  9^  show  a  comparison  of  test  and  analysis  displace¬ 
ments  for  the  floor  vertical,  floor  lateral,  transmission  and  engine, 
respectively. 

Trie  results  compare  very  favorably  in  terms  of  rate  of  change  and  maximum 
displacements.  The  vertical  displacements  in  the  analysis  reach  a  peak 
displacement  at  approximately  120  msec  after  impact  and  then  return, 
indicative  of  rebounding.  The  test  results  show  a  steep  rate  of  change 
for  approximately  120  msec  after  impact;  however,  afterwards,  there  is 
either  a  gradual  decline  or  a  slight  continuation  of  the  increase.  It  is 
believed  that  the  test  data  reflects  a  lower  change  in  velocity  than  is 
being  experienced.  If  one  examines  the  velocity  changes  in  Figure  87 
and  hypothesizes  slightly  reduced  velocities  (crossing  zero)  the  effect 
will  be  to  reduce  the  integrated  displacements. 


The  complete  set  of  test  data,  including  recorded  accelerations  and 
strains,  filtered  acceleration  data,  integrated  velocities  and  displace¬ 
ments,  is  presented  in  Volume  II  under  TEST  DATA.  Also  contained  in 
Volume  II  is  the  output  data  from  program  KRASH  which  was  utilized  in 
the  correlation. 


DYNAMIC  RESPONSE  INDEX  (DRl) 

The  comparison  of  the  analysis  results  using  the  DRI  model  described  pre¬ 
viously  in  the  section  entitled  DYNAMIC  RESPONSE  INDEX  MODEL  is  shown, 
and  the  test  data  is  shown  in  Table  XVI. 


Based  on  cumulative  probability  data  of  injury  curves  in  Reference  2 
(Figure  1-12)  it  could  be  expected  that  the  probability  of  spinal  injury, 
based  on  operational  date,  varies  from  .3  at  the  forward  floor  to  >-50 
at  the  aft  floor.  The  cumulative  probability  of  injury  curves  ^  are 
shown  in  Figure  95- 

The  following  section  contains  further  analysis  concerning  human  tolerance 
criteria  and  utilizing  the  test,  data  obtained  from  this  program. 
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Figure  9^*  Correlation  of  Engine  Displacements 
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HUMAN  TOLERANCE  CRITERIA  CALCULATIONS 


To  assess  the  potential  injury  that  the  occupants  would  experience  at  the 
impact  levels  obtained  during  the  drop  test,  the  data  was  analyzed  using 
the  following  severity  indices: 

•  Dynamic  Response  Index 

•  The  Air  Force  MIL-S-9^79A  Ejection  Seat 
Acceleration  Environment  (28) 


*  Human  Survival  Limits  Summarized  in  NASA  Memo  5-19-59®  (15) 


Dynamic  Response  Index 

The  Dynamic  Response  Index  (DRl)  ana3ysis  was  performed  using  the  filtered 
test  data  obtained  from  the  helicopter  test.  The  upper  torso  of  the  human 
body  was  modeled  as  the  single-lumped-mass,  damped  system  shown  jn  Figure 
96.  Assuming  that  the  body  mass  acts  upon  the  vertebrae  to  cause  deforma- 
tion,  the  response  of  the  lumped  mass  was  determined  by  idealizing  the 
excitation  as  either  a  half  sine  pulse  or  a  trapezoidal  pulse.  The  DRI 
calculations  in  this  section  are  based  on  the  assumption  that  the  seat  is 
rigid  arid  that  the  lumped  mass  represented  the  upper  torse  of  the  body. 

The  equation  of  motion  governing  the  dynamics  of  the  problem  obtained 
from  Reference  4l  is: 


ri  +  2^ni  +  "n8  =  z 

dt 


half  sine  pulse: 
(Figure  96) 


trapezoidal  pulse: 
(Figure  97) 


z  = 


„  ,  7Tt 

€p  sin  — 


,  2t 

Z=  CP~ 


=  e. 


0  <  t  <  r 


0  <  t  <  r/2 
7/2  <  t  <  r/2  +  r 


2t 


P  T 

=  0  t  >  r  +  r 

where  r  *■  rise  time 

<p  *  maximum  excitation 

=  time  at  peak  excitation 
*  time 

are  defined  in  Figure  96 
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ICie  model  coefficients  obtained  from  cadaver  tests  and  presented  in 
Reference  2  are: 

<o  =  52.9  rad/sec 


£  »  .224 


2  / 

m  =  mass  (lb-sec  /in.) 
B  =  deflation  (in.) 

£  -  damping  ratio 
k  =  stiffness  (ib/in.) 
z  =  acceleration  input 

(in./sec2) 


*  DR1  = 


wn  '  $1 


o>tk  -  natural  frequency  of  the 
model  -  >/lc/rc  ( rad/ sec) 

g  =  386  in./sec^ 


^Dynamic  Response  Index 

Figure  96.  Spinal-Injury  Model  (from  Reference  2), 


(a)  Half  sin'3  pulse 
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(b)  Trapezoidal  p'Jlse 


Figure  97*  Idealized  Puise  Shapes 
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The  results  of  the  DRI  analysis  are  shown  in  Tables  XVII,  XVIII  and  XIX. 
Table  XVII  summarizes  the  response  parameters,  t,  r  ,  Peak  G*s,  and  rate  of 
onset  for  the  filtered  acceleration  data  of  the  pilot,  copilot  and  instru¬ 
mented  passenger.  Table  XVIII  presents  the  results  of  DHI  calculations  for 
the  vertical  accelerations  at  several  locations  (pilot  and  copilot  seat 
pan  and  floor,  and  passenger  floor)  and  compares  this  data  with  the 
measured  passenger  pelvic  response. 

Table  XT'"'  shows  the  probability  of  spinal  injury  as  determined  from  Ref. 

2  (Figure  1-12).  Based  on  measured  passenger  (medical  attendant)  response 
data,  the-  probability  of  spinal  injury  is  between  30$  (operational  data) 
and  80$  (cadaver  data).  DRI  calcvilations  from  floor  measurements  located 
near  the  passenger  indicate  a  higher  probability  of  spinal  injury  (between 
50$  and  99*9$)*  DRI  calculations  based  on  pilot  and  copilot  floor  accel¬ 
erations  indicate  a  probability  of  injury  up  to  15$.  The  stiffness  and. 
damping  coefficient  for  the  anthropomorphic  dummy  representing  the  medical 
attendant  ai*e  not  known.  However,  it  is  highly  unlikely  that  they  are  in 
agreement  with  the  DRI  model  coefficients. 

MIL-S-9U79A  (USAF)  (28) 

The  Air  Force  bases  the  allowable  ejection  seat  acceleration  limits  on  the 
following  expression  (Reference  28): 


\  Gx  / 

\  I*/ 


Table  XX  presents  results  utilizing  DRI  calculations  with  a  trapezoidal/ 
triangular-shaped  pulse  and  laterally  measured  floor  accelerations.  The 
axial  accelerations  are  deemed  to  be  relatively  srasli  compared  to  a  min¬ 
imum  limit  value  of  20.  In  all  cases  the  combined  accelerations  exceed 
1,  indicating  excessive  acceleration  magnitude.  ‘Two  of  the  values  shown 
in  Table  XX  are  based  on  seat  pan  measurements  which  are  consistent  with 
the  MIL  Specification  and  are  appropriate  for  accelerations  measured  on 
the  seat. 

Human  Tolerance  Limits  (NASA  Memo  5-19~59E)  (15) 

The  test  results  were  compered  to  data  published  in  NASA  Memo  5-19~59E 
(Reference  15).  A  comparison  of  the  peak  acceleration  obtained  during 
the  test  and  estimated  durations  with  headward  acceleration  vs.  duration 
of  applied  acceleration  curves  of  Reference  16  (Figure  17)  indicates  thatj 
the  copilot,  pilot  and  medical  attendant  would  all  incur  at  least  moderate 
injuries.  The  passenger  could  be  expected  to  sustain  severe  injury.  A 


TABUS  XVII.  RESPONSE  PARAMETERS  -  TRAPEZOIDAL  DATA 


DATA 

CHANNEL 

ACCELERATION 

LOCATION 

i 

B 

PEAK 

0’S 

RATE  OF  ONSET 

g/sec 

07 

Pilot  Seat  Pan  -  Vertical 

25 

15 

25 

2000 

08 

Pilot  Seat  Pan  -  Lateral 

80 

20 

34 

8  60 

09 

Copilot  Seat  Pan  -Vertical 

6 

4 

60 

16600 

10 

Copilot  Sea  Pan  -Lateral 

6c 

30 

19 

64o 

30 

Copilot  Floor  Vertical 

25 

15 

24 

1920 

31 

Copilot  Floor  Lateral 

90 

10 

25 

555 

36 

Passenger  Floor  Vertical 

25 

15 

42 

3300 

48 

Passenger  Pelvic  Vertical* 

40 

20 

26 

1100 

*A11  data  except  the  passenger  pelvic  vertical  acceleration  is  based 
on  100-cps  filtered  test  data.  The  passenger  pelvic  acceleration 
data  is  obtained  from  the  raw  data . 

t  units  are  in  msec. 
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TABLE  XVUI .  DYNAMIC  RESPONSE  INDEX  -  VERTICAL  ACCELERATIONS* 
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natural  period  of  response  «  .125  sec 
Reference  2  (page  26) 

Reference  4l  (pages  6-30  and  8-46} 


TABLE  XIX.  PROBABILITY  OF  SPINAL  INJURY* 


ACCELERATION 

DATA 

HALF  SINE  RJLSE 

|  TRAPEZOIDAL  PULSE 

LOCATION 

CHANNEL 

P(0) 

p(c) 

m 

P(C) 

Pilot  Seat  Pan 

or 

0 

.02 

.07 

.15 

Copilot  Seat  Pan 

09 

0 

.02 

0 

.02 

Copilot  Floor 

30 

0 

.02 

.07 

.15 

Passenger  Floor 

3  6 

•  5 

•  99 

•  99 

•  999 

Passenger  Pelvic 

L8 

•  3 

i _ 

.8 

•  3 

.8 

NOTES: 


Probability  of  Spinal  Injury  predicted  from 
operational  data. 

Probability  of  Spinal  Injury  predicted  from 
cadaver  data- 


Reference  2 


TABLE  XX.  DYNAMIC  RESPONSE  -  MIL- 
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similar  comparison  shows  that  (Reference  15,  Figure  20)  for  acceleration 
versus  initial  rate  of  change  of  headward  acceleration,  all  the  responses 
either  exceed  a  tolerable  situation  or  result  in  permanent  injury,  depend¬ 
ing  on  the  occupant's  seating  location.  The  occupants  in  the  test  vehicle 
had  different  supports  from  those  that  the  reference  test  data  is  based 
on;  thus,  exact  comparisons  are  difficult. 

A  comparison  of  data  in  the  lateral  direction  is  difficult  due  to  a  lack 
of  reference  material.  The  human  tolerance  limits  for  spineward  acceler¬ 
ation  can  be  applied  for  the  rear  passengers  only  since  they  face  the 
direction  of  impact.  The  test  data  for  the  rear  passenger  floor  indicates 
that  the  passenger  can  experience  moderate  to  severe  injury  due  to  the 
acceleration  levels.  In  addition,  due  to  the  rate  of  onset  scceleration, 
the  passenger  may  experience  severe  shock. 

CORRELATION  WITH  ADDITIONAL  TEST  DATA 


To  obtain  additional  information  with  which  to  improve  program  KRASH's 
capability  to  determine  structural  response  during  a  crash,  a  comparison 
was  made  between  30  fps  vertical  velocity  test  data,  published  in  Refer¬ 
ence  3,  and  the  analytical  results  using  the  31-rcass  correlated  math 
model.  Refinements  to  the  input  data  were  made,  as  required,  to  improve 
the  vehicle  representation.  The  30  fps  vertical  velocity  test  data  pro¬ 
vides  information  at  a  potentially  higher  percentile  accident  level  than 
the  23  fps  impact  velocity  data  obtained  during  Phase  III  drop  test  and, 
thus,  affords  an  opportunity  to  exercise  additional  program  logic.  The 
comparison  with  published  data  from  Reference  3  was  satisfactory  in  the 
following  respects: 

•  the  time  of  occurrence  for  peak  floor  accelerations 

«  peak  floor  acceleration  levels  (taking  into  account  the 
effect  of  low-pass  filtering) 

•  initial  peak  transmission  and  engine  acceleration  levels 

•  maximum  transmission  mount  deflection 

However,  the  time  of  engine  and  transmission  peak  accelerations  does  not 
agree  with  the  published  data. 

The  published  test  data  for  the  engine  and  transmission  is  a  time  history 
of  the  respective  responses.  Whereas  one  would  expect  initial  peak  deceler¬ 
ations  to  occur  shortly  after  peak  floor  decelerations  3re  experienced  (70 
msec  after  impact),  the  test  data  indicates  that  the  engine  experiences  its 
first  peak  deceleration  140  msec  after  impact.  The  transmission  test  data 
shows  peak  decelerations  of  approximately  -40  0's  at  115  msec  8fter  impact 
before  it  experiences  -70  G's  at  170  msec  after  impact.  The  time  of  occur¬ 
rence  of  the  initial  engine  and  transmission  peak  deceleration,  obtained 
by  the  analysis,  appears  more  consistent  with  expectations. 
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The  analysis  also  differs  fran  the  test  data  in  that  the  engine-mount 
analytically  determined  deflections,  using  the  correlation  model,  are  .much 
lower  than  observed  in  the  test  photographs. 


A  peak  vertical  deflection  of  2.8  inches  was  obtained  using  a  softer 
engine  mount  representation  than  that  shown  in  Figure  37,  However,  the 
peak  acceleration  levels  were  lower  than  desired.  A  more  detailed  dis¬ 
cussion  on  the  modeling  of  engine  mounts  is  presented  in  the  RESULTS  OF 
TEE  PROGRAM  Section  under  CCKREIATTON, 


The  comparative  results  between  the  analysis  and  30  fps  vertical  velocity 
drop  test  data  are  shown  in  'Table  XXI. 
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TABLE  XXI.  COMPARISON  OF  ANALYSIS  AND  PREVIOUS  30  fps  VERTICAL 
VELOCITY  DROP  TEST  DATA 


Test  Data 


Analytical  Results 


Peak  Acceleration  (G's) 
Engine 


Transmission 


Floor 


40/70 


k8.2****/26***** 
37 -5/61.2 
44  to  51.4 


Time  of  Occurrence  (msec) 
Engine 


Transmission 


Floor 

Peak  Deflections  (in.) 


Engine  Mount 


Transmission 


120/175 
55  to  70 


2  -  3** 

2,S  -  3*** 


68/88 

56  to  72 


^****  /2.8***** 


NOTES: 


*  A  second  peak  acceleration  of  90  G's  occurs  at  l60  msec 
after  impact. 

**  Obtained  from  review  of  posttest  damage  photographs  (average 
of  left  and  right  side). 

***  Noted  in  Reference  3  text. 

****  Using  engine  mount  as  modeled  in  Figure  37*  At  a  42- fps 

vertical  velocity  the  analysis  shows  a  2.06-inch  deflection. 

*****  Using  a  soft  engine  mount  described  in  the  RESUITS  OF  THE 
PROGRAM  Section  under  CORRELATION. 
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PARAMETER  STUDIES 


GENERAL 


The  mathematical  model  of  the  UH-1H  helicopter,  refined  during  the  correla¬ 
tion  with  drop  test  data,  was  used  in  the  parameter  studies.  The  parameter 
variations  were  performed  to  ascertain  the  structural  behavior  of  the  air¬ 
frame  due  to  changes  in  the  load  carrying  capability  of  the  structural 
elements,  particularly  the  landing  skids,  lower  fuselage,  seat  system, 
engine  and  transmission  mounts.  The  results  of  the  parameter  studies  are 
closely  linked  to  the  development  of  improved  design  criteria  and  concepts. 
Parameter  studies  were  conducted  for  potentially  surviveble  accident  levels 
between  the  50th  and  95th  percentiles.  The  initial  roll,  pitch  and  yaw 
angles  and  angular  velocities  are  zero  so  as  to  minimize  the  number  of 
variables  that  can  affect  the  final  results.  Further  rationale  for  this 
decision  is  that  while  the  crash  environment  (impact  velocities)  is  statis¬ 
tically  determined,  the  initial  angles  and  angular  velocities  are  not 
clearly  defined.  The  effect  of  changes  in  these  initial  conditions, 
although  worthy  of  consideration,  would  require  a  substantially  larger 
matrix  of  parameter  variations  and  presents  difficulties  in  substantiating 
the  probability  of  occurrence  from  experience. 

The  parameter  studies  encompass  the  following: 

•  The  response  acceleration  for  pure  vertical  velocity  impact  at 
the  50th,  751h  and  95th  percentile  potentially  survivable 
accident. 

•  The  response  acceleration  for  combined  vertical  and  lateral 
velocity  impact  in  which  each  of  the  velocity  impacts  are 
simultaneously  at  their  respective  level  for  the  50th,  75th  and 
95th  percentile  potentially  survivable  accidents. 

•  The  potential  of  spinal  injury  as  measured  oy  the  DRI  as  a 
function  of  the  impact  speed  over  the  range  of  the  50th  to  95th 
percentile  potentially  survivable  accident. 

•  The  effect  on  response  accelerations  and/or  stroke  requirements 
of  changes  in  load-stroke  characteristics  of  the  landing  skid, 
lover  fuselage,  seat  system,  engine  and  transmission. 


•  The  relationship  between  incremental  weight  and  cost  associated  \ 

with  structural  changes  necessary  to  achieve  a  more  crashworthy  J 

design  at  the  higher  (75th  and  95th)  percentile  potentially  f 

survivable  accidents.  : 
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From  the  review  of  the  32  accident  data  cases,  performed  in  Phase  I,  twelve 
cases  were  ->oted  to  have  simultaneous  vertical  and  lateral  ground  impact 
velocities.  Figure  98  represents  an  envelope  of  vertical  velocity  versus 
lateral  velocity.  At  the  extremes  are  the  current  95th  percentile  levels 
for  a  vertical  impact  (42  fps)  and  a  lateral  impact  (30  fps).  The 
data  from  the  accident  cases  presented  in  Table  I  are  plotted  on  the  figure. 
A  first  approximation  indicates  the  envelopes  for  50th,  75th  and  95th  per¬ 
centile  potentially  survivable  accidents.  For  purposes  of  this  report  the 
envelope  shown  in  Figure  98  will  be  referred  to  as  the  50th,  75th  and  95th 
percentile  for  a  combined  vertical- lateral  potentially  survivable  impact. 

It  is  recognized  thst  the  limited  accident  data  obtained  in  Phase  I  does 
not  allow  for  an  accurate  statistical  representation  of  the  envelopes, 
however,  for  comparative  purpose,  it  does  allow  the  parameter  studies 
to  be  put  in  proper  perspective. 


Therefore,  the  parameter  studies  are  identified  by  the  following  conditions: 


TABLE  XXII.  ACCIDENT  CONDITIONS  INVESTIGATED 

Velocities  (fps) 

Approximate  Potentially 

Condition 

Vertical 

Lateral 

Survivable  Accident  Percentile 

A 

2k 

0 

50th  -  vertical 

B 

30 

0 

75th  -  vertical 

C 

42 

0 

95th  -  vertical 

D 

24 

17.1 

70th  -  combined  vertical-lateral 

E 

30 

22.4 

95th  -  combined  vertical- lateral 

F 

42 

30.0 

95th  vertical  -  95th  lateral 

G 

23 

18.5 

70t'n  -  combined  vertical- lateral 

,  .  ...  

(Phase  III  drop  test  level) 

The  correlation  results  obtained  during  Phase  III  of  this  program  provided 
analytical  verification  at  approximately  the  70th  percentile  potentially 
survivable  accident  level  for  a  combined  vertical-lateral  impact  condition. 
Comparison  of  analysis  with  previous  vertical  drop  test  data  at  the  75th 
percentile  potentially  survivafcie  accident  level  indicated  that  the  model 
understated  che  engine  deflections  obtained  during  the  test.  The  lack  of 
additional  test  data  to  verify  major  element  lateral  and  rotational  stiff¬ 
nesses,  failure  modes  and  structural  unloading  and  reloading  paths  at  the 
higher  impact  energy  levels  indicates  that  the  major  significance  of  the 
parametric  studies  is  in  developing  trends  and  is  not  to  be  viewed  as  a 
precise  measure  of  dynamic  response.  However,  to  be  meaningful  the  para¬ 
metric  studies  should  be  related  to  quantitative  measures.  Table  XXIII 
sets  forth  some  quantitative  yardsticks  by  which  the  results  of  the 
parametric  studies  are  evaluated.  The  deflections  noted  in  Table  XXIII, 
obtained  from  the  results  of  the  correlation  studies,  are  intended  as  a 
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"base  point"  or  "reference"  to  which  the  various  design  configuration 
changes  are  compared  to  determine  if  adequate  crashworthiness  can  be 
achieved.  The  values  noted  in  Table  XXIIX  are  not  intended  as  absolute 
measures  of  design  limits  since  they  are  based  on  an  analytical  represent¬ 
ation  which  by  its  very  nature  represents  a  compromise  between  reality 
and  practicality.  To  provide  flexibility  and  in  recognition  of  analytical 
modeling  limitations,  the  response  deflections  obtained  during  the  para¬ 
metric  studies  which  are  between  the  range  cf  values  noted  in  Table  XXITI 
are  considered  to  be  of  marginal  crashworthiness  capability. 


TABLE  XXIII.  ANALYSIS  DEFLECTION  LIMITS  (IN.) 

Acceptable  if 

Unacceptable  if 

— 

Analytical 

Structural 

Deflection  is 

Deflection  is 

Results  Vith 

Elements 

Less  than 

Greater  than 

Correlation  Model 

Engine  vertical 

.12 

•  l6 

.13 

Engine  lateral 

.2 

.24 

.17 

Transmission 

•  75 

1.17 

1.17 

vertical 

.6 

.48 

Transmission 

•5 

lateral 

Pilot/Copilot 

.15 

.2 

.16 

seat  vertical 

.4 

Medical  Attendant 

•  3 

.4 

seat  vertical 

Based  on  operational  data  presented  in  Figure  95 ,  the  probability  of  spinal 
injury  for  a  DRT  measurement  equal  to  15  is  nil  while  a  DRI  equal  to  19*3 
represents  a  10$  probability  of  spinal  injury.  For  the  purpose  of  this 
study,  it  is  desired  to  achieve  a  probability  of  spinel  Injury  <  10$  in 
order  to  be  crashworthy. 

INDIVIDUAL  PARAMETER  VARIATIONS 

Table  XXIV  shows  the  results  of  the  individual  parameter  variations. 
Included  are  response  accelerations,  DP.I's  and  deflections.  The  Individual 
parameter  variations  cover  a  wide  spectrum  including  requirements  of  MIL-S- 
58095  (Reference  31)  and  UTTAS  specifications  (Reference  37).  At  the  same 
time,  the  parameter  studies  cover  changes  to  load  levels  and/or  strokes  for 
the  landing  skids,  lower  fuselage,  seat,  engine  and  transmission.  Con¬ 
sequently,  in  some  cases  only  one  percentile  accident  condition  was 
investigated,. 
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i  Table  XXIV  shows  the  response  of  the  engine,  transmission,  and  forward  and 

i  rear  occupants  for  the  condition  defined  in  Table  XXII.  The  occupant 

j  response  is  the  BRI,  not  an  acceleration.  The  DRI  as  noted  earlier  is 

i  based  on  the  maximum  spinal  compressive  deflection  and  differs  somewhat 

j  from  the  acceleration  value. 

i 

The  transmission  mounts  are  expected  to  fail  for  accident  conditions 
B,  C,  E  and  F  as  a  result  of  the  deflections  exceeding  the  mount  deflec¬ 
tion  limit  of  1.17  inch.  For  accident  condition  F  the  peak  acceleration 
level  occurs  during  a  secondary  impact  at  which  time  the  transmission 
support  mounts  have  bottomed  and  the  transmission  stiffness  is  associated 
with  the  adjacent  pylon  structure.  The  analysis  also  indicates  that  the 
transmission  mount  has  experienced  an  unloading  and  subsequent  reloading 
cycle.  In  condition  F,  the  maximum  transmission  vertical  deflection  is 
2.k  inches. 

The  engine  is  satisfactory  in  accident  conditions  A  and  D.  However,  for 
conditions  B,  C,  E  and  F  the  engine  support  loads  are  such  that  the 
supports  experience  deflection  in  the  inelastic  regime  and  permanent 
deformation  results. 

i 

The  engine  vertical  deflections  for  condition  C  is  shown  in  Table  XXIV 
to  be  to  1.39  inches.  This  value  is  considerably  lower  than  deflections 
noted  in  previous  tests.  However,  an  updated  model  of  the  engine  mounts 
yields  considerably  more  deflection  (  2.8  inches).  The  results,  using 

the  different  engine  mount  configurations,  are  discussed  later  in  this 
section  and  in  the  RESULTS  OF  IHE  PROGRAM  Section  under  CORRELATION. 

The  DRI  measurement  at  the  forward  fuselage  station  shows  readings  of 
l6.  32  and  57  for  the  accident  conditions  A,  B  and  C,  respectively.  For 
condition  A,  the  probability  of  spinal  injury  for  operational  data 
(Reference  2)  is  only  .01.  However,  for  conditions  B  and  C,  this  probab¬ 
ility  increases  to  a  value  greater-  than  .5.  The  DRI  measurement  for  the 
{  aft  occupant  indicates  that  for  all  three  percentile  accident  levels 

i  investigated,  the  probability  of  injury  is  in  excess  of  .5. 

j 

|  Landing  Skids 

!  The  landing  skids  offer  the  first  line  of  resistance  to  the  impact  forces. 

The  results  of  the  drop  test  performed  during  this  program  indicated  that 
prior  to  fuselage  contact  with  the  ground,  the  skids  absorbed  energy  such 
that  the  vertical  velocity  was  reduced  approximately  10$  from  initial 
impact.  This  represents  approximately  20$  of  the  kinetic  energy.  The 
amount  of  energy  absorbed  is  based  on  the  reduction  in  vertical  descent 
■"•eloeity.  During  a  combined  ver  icai- lateral  impact  the  exact  amount  of 
vertical  energy  absorbed  is  difficult  to  determine  d\ie  to  such  effects 
as  binding.  To  ascertain  the  effect  of  changes  in  the  landing  skid  load 
deflection  cnaractcristics,  computer  runs  were  made  to  evaluate  individu¬ 
ally  an  increased  load  limit  (100$)  and  an  increased  stroke  (67$).  The 
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results  of  cases  7  and  8  in  Tables  XXIV  and  XXV  show  that  the  most  sig¬ 
nificant  reduction  is  obtained  for  the  occupant  responses.  However,  for 
accident  condition  E,  the  improvement  is  not  large  enough  to  reduce  the 
probability  of  injury  to  below  10$. 


TABLE  XXV.  LANDING  SKID  PARAMETER  VARIATION  RESULTS 
(ACCIDENT  CONDITION  E) 

FORWARD 

REAR 

ENGINE 

- - - 

TRANSMISSION  1 

CONDITION 

DRI 

A* 

DRI 

A* 

gvert 

*avert 

gvert 

*avert 

Basic 
(Case  5) 

35.5 

<25 

4l.i 

•  71 

47-7 

.247 

61.2 

1.76 

Load  Limit 
(Case  7) 

21 

.165 

32.6 

.6 

30.8 

.182 

96 

2.5 

load  Stroke 
(Case  8) 

24 

.176 

30.5 

•  59 

36 

.14 

77 

2.38 

* 

Units  are 

in  inches 

Fuselage 

The  fuselage  is  considered  to  be  the  most  significant  region  in  which 
improved  crashworthiness  design  can  be  achieved,  and  consequently  several 
computer  runs  were  performed  at  various  percentile  accident  levels.  These 
included: 


•  Increased  fuselage  load  limit 

•  Increased  fuselage  stroke 

•  Two  stage  load  limit  fuselage 

The  results  shown  in  Tables  XXIV  and  XXVI  indicate  that  the  use  of  the  two- 
stage  fuselage  significantly  reduced  the  engine  vertical  accelerations  from 
72  G’s  to  35  G’s  and  the  engine  deflections  from  1.52  inches  to  .52  inches 
for  accident  condition  F.  The  transmission,  whose  accelerations  were 
nearly  halved  using  the  two-stage  fuselage,  shows  an  increase  in  deflec¬ 
tion.  The  use  of  the  higher  fuselage  load  limit  and  stroke  showed  slight 
improvements  compered  to  the  basic  case. 

Seat  System 

The  seat  load  stroke  curve  per  Figure  3  of  MIL-S-58095  (Reference  3i)  was 
incorporated  into  the  model  and  the  effect  on  the  DPIfs  was  noted.  Seat 
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TABLE  XXVI.  FUSELAGE  PARAMETER  VARIATION 


Seat  -  Units  are  inches 
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stroke  lengths  of  12  inches  and  20  inches  were  studied.  (12  inches  is  the 
minimum  required  stroke  per  Reference  31*)  The  results  shown  in  Tables 
XXIII  and  XXVII  indicate  that  the  DRI’e  improve  immensely.  With  a  load 
level  of  2015  lbs.  the  maximum  DRI  for  condition  E  is  IT  at  the  forward 
and  15  at  the  aft.  Although  the  DRI  indicate  less  than  a  10$  probability 
of  spinal  injury,  the  analytical  results  indicate  that  the  seats  are 
expected  to  exceed  the  minimum  stroke  requirement  of  12  inches. 


TABLE  XXVII.  SEAT  PARAMETER  VARIATION  RESULTS 
(ACCIDENT  CONDITION  E) 


FORWARD 

AFT 

CONFIGURATION 

DRI 

A(in.) 

DRI 

<\(  in . ) 

Basic  (Case  5) 

35-5 

•  25 

1*1.1 

.n 

Per  MIL-S-58095 

12  in.  Stroke  (Case  14) 

IT 

>12 

>12 

Per  MIL-S-58095 

20  in.  Stroke  (Case  15) 

15.8 

>20 

15.2 

>20 

Transmission 

The  transmission  load  limit  was  raised  to  20  G's  (vertically)  and  18  G’s 
(.laterally).  These  values  correspond  to  the  initial  stiffness  of  the 
transmission  on  the  mounts.  After  the  mount  bottoms,  it  is  assumed  that 
the  stiffness  increases  as  the  transmission  contacts  adjacent  support 
structure.  It  is  this  stiffness  which  actually  results  in  the  peak  accel¬ 
eration  levels.  For  example,  during  the  combined  vertical  lateral  drop 
test  the  tx'ansmission  experienced  between  27  and  30  G’s,  which  is  consider¬ 
ably  higher  than  the  current  crash  loads  design  requirement  (8  G’s),  and 
survived  the  impact  in  good  condition.  However,  the  longitudinal  crash¬ 
loads  requirement  is  also  8  G’s  and  this  was  net  reached  during  the  Phase 
III  drop  test,  indicating  that  the  longitudinal  is  perhaps  the  most 
critical  direction.  The  parametric  results  are  shown  in  Table  XXIV  and 
XXVIII.  For  both  condition  E  and  F  peak  acceleration  level s  increase  and 
the  maximum  deflections  decrease  due  to  the  increased  stiffness.  The 
vertical  deflections,  however,  are  not  reduced  significantly  below  the 
minimum  required  value.  The  lateral  deflections  are  reduced  to  acceptable 


TABLE  XXVIII.  TRANSMISSION 

PARAMETER  VARIATION  RESULTS 

PERCENTILE 

ACCIDENT 

VERTICAL 

LATERAL  [ 

CONDITION 

CONFIGURATION 

G 

A(in. ) 

G 

E 

Basic  (Case  5) 

61.2 

1.76 

10 

.39 

Transmission  Load 

Level  (Case  16) 

90 

1.4 

13 

F 

Basic  (Case  6) 

128 

2:36 

16 

Transmission  Load 

Level  (Case  1?) 

133 

1.38 

14 

Siglne 

The  engine  parameter  studies  vary  somewhat  from  the  other  parameters 
(landing  gear,  transmission,  fuselage)  because  at  the  onset  of  the  param¬ 
eter  investigation,  the  engine  was  modeled  as  noted  to  obtain  agreement 
with  the  Phase  III  drop  test  data.  However,  during  the  course  of  the 
parameter  studies,  an  improved  engine  model  was  obtained  which  provided 
more  consistent  high-energy  impact  results.  The  improved  model  required: 

•  revised  load-deflection  curves 

•  revised  unloading-reloading  functions 

Both  of  these  changes  were  incorporated  into  the  parameter  studies  and 
compered  to  tne  results  obtained  with  the  original  engine  model.  Since 
the  actual  load  deflection  characteristics  of  the  engine  support  struc¬ 
ture  beyond  the  elastic  limit  are  not  verified  by  existing  test  data,  no 
attempt  was  made  to  revise  previously  obtained  correlation  and  parameter 
results.  However,  the  parameter  studies  do  serve  to  illustrate  the  effect 
of  the  engine  modeling  on  crash  design  criteria. 

Tables  XXIV  and  XXIX  present  the  results  of  the  engine  paramemer  varia¬ 
tions.  As  can  be  noted  from  cases  1  through  17,  Table  XXIV,  the  engine 
was  modeled  with  stiff  mounts,  resulting  in  low  deflections.  The  follow¬ 
ing  sketch  illustrates  a  basic  difference  between  the  correlated  model 
(case  5)  and  parameter  variation  (case  18)  at  a  potential  combined  95th 
percentile  level  as  determined  from  Figure  9$. 
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!The  basic  case  (caee  5)  deflects  less  since  it  will  absorb  more  energy 

after  the  peak  load  (point  A)  is  reached  than  will  the  engine  modeled  as 
^  in  case  18.  The  engine  loads  in  case  5  also  exceed  those  obtained  in 

|  case  18  since,  in  the  latter  configuration,  ther^  ,s  a  sharp  reduction 

iin  the  lead-carrying  capability  of  the  structure;  whereas  in  the  case  5 
configuration,  the  load-carrying  capability  remains  uniform  after  reach¬ 
ing  a  peak  value.  Table  XXIX  summarizes  these  cases  and  verifies  the 
above  results. 


Cases  19  and  20  were  run  so  that  a  comparison  could  be  made  with  the  I 

correlation  results  shown  in  Tables  XIV  end  XV.  The  results  of  the  J 

parameter  runs  presented  in  Table  XXVIII  indicated  that  the  proper  model¬ 
ing  for  the  engine  in  the  lateral  direction  is  between  8  G's  (case  20)ar.d  \ 

18  G's  (c3se  19).  The  test  t'esults  indicate  that  the  mounts  deform  less  j 

than  3/16" »  The  use  of  an  8  G  lateral  engine  mount  would  apparently  j 

result  in  too  large  an  engine  mount  deflection  as  compared  to  the  test.  > 

| 

The  revised  unloading-reloading  cycle  is  more  realistic,  for  a  structure  | 

which  is  initially  stiff  and  then  loses  its  load-carrying  capability  j 

when  buckled  such  as  the  engine  is  expected  to  do.  As  s  result,  the  : 

l  _-'gine  mount  deflections  will  be  greater  than  noted  in  the  correlation  j 

\  ru  1.  The  unloading-reloading  cycle  is  described  in  detail  in  Volume  II  | 

under  the  PROGRAM  DESCRIPTION  Section.  j 
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TABLE  XXIX 

ENGINE  PARAMETER  VARIATION 

RESULTS 

!  VERTICAL 

LATERAL 

PARAMETER 

CONDITION 

G 

A  (in. ) 

G 

A (in. ) 

Basie  (case  5) 

E 

47*7 

.247 

14.3 

1.26 

Engine  Load  Level 

20G  Vertical  (case  .13) 
18g  Lateral 

E 

1 

4o.8 

.987 

15 

.105 

Engine  Load  Level 

20G  Vertical  (case  19) 
13g  lateral 

/1 

U 

25.6 

.189 

12.0 

-356 

Engine  Load  Level 

20G  Vertical  (case  20) 
8c  Lateral 

G 

26 

_ 

•21 

11.7 

_ 

1*79 

COMBINED  PARAMETER  VARIATIONS 


Hie  results  of  the  combined,  parameter  variation  study  are  shown  in  'I able 
XXX,  The  results  show  that  the  crashworthiness  of  the  UH-1B  can  be 
improved  to  a  95th  percentile  potentially  survivabie  accident  capability  by 
improving  the  energy  absorption  capacity  of  the  landing  skids,  lower  fuse¬ 
lage  and  seats  separately,  or  in  conjunction  with  increasing  the  load 
carrying  capacity  of  the  transmission  or  engine.  The  analysis  shows  that 
an  improvement  to  a  95  th  potentially  survivabie  percentile  accident  com~ 
bined  vertical-lateral  impact  environment  level  requires  one  of  the  follow¬ 
ing  approaches : 

a)  •  Increase  landing  strut  stroke  from  13*5  inches  to  20  inches. 

a  Increase  fuselage  stroke  from  approximately  3*5  inches  to 
7  inches. 

•  Use  seat  requirement  per  MIL-S-58095  with  +  15*5(5  load 
limit  and  a  minimum  stroke  of  6  inches. 


section,  each  with  a  minimum  energy  absorption  of  approx¬ 
imately  22,500  ft-lbs. 

•  Use  seat  requirement  per  MIL-S-58095  with  +  15*5  G's  load 
limit  and  a  minimum  stroke  of  7  inches. 

It  is  estimated  that  to  achieve  the  95th  percentile  crashworthiness  cap¬ 
ability  for  a  UK-1H,  of  the  type  tested  in  this  program,  an  incremental 
weight  increase  of  approximately  5#  of  the  airframe,  landing  gears,  seat 
system  and  major  mass  support  structure  (~125  lb)  is  needed.  The  afore¬ 
mentioned  percentage  value  is  based  on  an  eleven  (ll)  troop  carrier  UH-IH 
configuration  less  the  weights  (Reference  40)  of  the  following  items: 


rotor  blades,  hubs  and  stabilizer 

81 6  lbs. 

engine 

485  lbs. 

transmission 

379  lbs. 

electronics,  electrical  equipment, 
instruments  and  hydraulics 

720  lbs. 

thirteen  occupants  and  equipment 

2860  lbs. 

fuel 

1374  lbs. 

The  estimated  incremental  weight  increase  is  distributed  among  the 
structural  elements  approximately  as  follows: 

fuselage  (2$) 

landing  skid  (1-6$) 

seats  (0.$#) 

engine  mount's  (-5$) 

The  weight  increases  are  based  on  first  order  linear  approximations  due 
to  changes  in  thickness,  area  and  stiffness  for  the  various  structural 
elements.  For  example,  a  change  in  load  limit  requires  a  new  force 
level.  Force  is  assumed  to  be  proportional  to  the  square  root  of  stiffness 
(for  a  given  energy  level).  In  the  case  of  a  bending  stiffness  of  a 
landing  strut  or  the  engine  supports  (assuming  no  change  in  modulus  or 
length)  the  stiffness  is  proportional  to  cross  sectional  ares  moment  of 
Inertia,  which,  in  turn,  is  a  function  of  the  strut  diameter  and  thick¬ 
ness.  For  a  linear  system,  doubling  the  force  level  will  require  an 
increase  in  the  stiffness  by  a  factor  of  4.  The  increase  in  weight  is 
then  baaed  on  the  required  change  in  diameter  and/or  thickness  to  obtain 
the  increased  stiffness. 


The  "best  estimate  of  cost  is  to  assume  that  the  cost  per  pound  of  weight 
is  the  same  as  for  the  current  vehicle.  Using  the  same  weight  base  of 
the  vehicle  airframe,  landing  gear,  seat  system,  and  support  structure 
it  can  be  expected  that  the  increased  energy  absorption  requirements  to 
achieve  a  95th  percentile  accident  for  the  UH-1H  vehicle  will  also  add 
approximately  5#  to  the  current  vehicle  cost.  A  preliminary  draft  of  a 
cost  effectiveness  study  (Reference  32)  for  a  9-13  piece  helicopter  has 
indicated  that  the  incorporation  of  crashworthy  features  (  »  200  lbs)  will 
be  cost  effective  within  5-4  years.  The  study  is  based  on  the  structural 
damage  and  personnel  injury  history  of  the  UH-1  aircraft  series.  Hie 
study  takes  into  account  the  increased  operating  costs  as  a  result  of 
increased  empty  weight  due  to  the  addition  of  crashworthy  structure. 

From  Table  XXX  it  is  interesting  to  note  that  the  combinations  which 
are  considered  to  provide  adequate,  or  near  adequate,  crashworthiness 
(cases  3,  5,  7  and  9)  have  resultant  engine  or  transmission  peak  acceler¬ 
ations  approximately  equal  to  the  acceleration  levels  experienced  during 
the  Phase  III  drop  test.  Both  the  transmission  and  engine  survived  that 
particular  test  in  relatively  good  condition.  Since  the  correlation 
between  analysis  and  test  at  that  impact  level  chawed  good  agreement, 
there  is  added  confidence  that  improved  crashworthiness  can  be  predicted 
by  the  mathematical  model. 


DESIGN  CRITERIA  AND  CONCEPTS 

The  major  considerations  that  influence  the  development  of  crashworthiness 
preliminary  design  criteria  and  concepts  are; 


•  The  crash  condition  statistical  experience  of  impact  velocities. 

a  Human  tolerance  to  the  loads  imposed. 

•\  The  incremental  structural  weight  cost  and  configuration  changes 
'  needed  to  provide  the  desired  crashworthiness  capability. 

CRASH  LOAC^S  AND  ENVIRONMENT 

Ideally,  one  would  like  to  have  occupant  survival  during  a  99th  percentile 
velocity  impact.  From  a  practical  design  viewpoint,  however,  it  may  not 
he  possible  to  achieve  such  a  high-velocity- Impact  capability  without  un¬ 
duly  penalising  the  vehicle  with  added  weight.  It  is  important  that  the 
structure  be  designed  to  a  given  velocity  percentile,  whether  it  be  the 
80th  or  95th,  for  any  combination  of  vertical,  lateral  or  longitudinal 
impact  velocities,  providing  the  given  percentile  has  an  equal  probability 
of  occurring.  The  consistency  should  be  maintained  regardless  of  the 
direction  of  impact,  i.e.,  if  the  specified  impact  velocity  should  be  the 
80th  percentile  then  the  capability  of  the  structure  should  be  for  the 
80th  percentile  for  any  combination  of  vertical,  lateral  and  longitudinal 
impact  velocities.  Figure  99  illustrates  this  three-dimensional  family 
of  impact  velocity  envelopes  presented  in  statistical  form.  In  contrast 
a  hypothetical  existing  vehicle  may  have  a  capability  envelope  shown  in 
Figure  100,  which  indicates  that  in  the  longitudinal  direction  it  can 
meet  a  75th  percentile  level,  but  because  of  nonconsistent  design  would 
only  have  a  50th  percentile  vertical  capability  and  a  30th  percentile 
lateral  capability.  If  the  given  percentile  of  Figure  99  has  sn  equal 
probability  of  occurring,  the  full  capability  of  the  hypothetical  exist¬ 
ing  vehicle  ia  much  leas  than  that  implied  by  the  75th  percentile 
longitudinal  capability. 


The  impact  velocity  data  compiled  during  Phase  I  and  presented  in  Figure 
98  illustrates  that  the  combined  impact  velocity  statistical  representa¬ 
tion  is  moat  likely  a  contoured  surface.  The  determination  of  the  exact 
shape  of  the  surface  has  to  be  obtained  from  a  thorough  statistical  eval¬ 
uation.  It  may  well  be  that  the  crash  environment  differs  for  the  different 
types  and  classes  of  aircraft  such  as  utility,  attack,  cargo  and  observa¬ 
tion.  Inese  aircraft  differ  in  weight  and  operational  requirements.  How¬ 
ever,  for  the  purposes  of  this  study,  the  approximate  accuracy  of  the 
accident  data  is  sufficient  to  obtain  significant  results. 
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Figu.e  99.  Three  Dimensional  Impact  Velocity  Statistical  Presentation 
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Figure  100.  Example  of  a  Three  Dimensional  Impact  Velocity 
Airframe  Capability. 


HIKAN  TOLERANCE  TO  IMPOSED  LOADS 


Human  tolerance  limits  are  a  function  of  (a)  peak  acceleration,  (b)  dur¬ 
ation  of  acceleration,  and  (c)  rate  of  onset  of  initial  acceleration  that 
the  occupant  experiences,.  The  occupant's  posture,  position  and  direction 
relative  to  the  acceleration  forces  and  the  manner  in  which  the  occupant 
is  restrained  influence  the  acceleration  levels  that  can  be  tolerated  by 
the  occupant. 

Current  criteria  in  this  area  are  severely  limited  In  the  following 
respects : 

e  The  data  is  based  on  acceleration  measurements  at  tb®  seat  and 
not  on  the  subject, 

a  The  imposed  loads  or  environment  are  based  on  estimated  floor 
accelerations.  This  data  does  not  take  into  account  the  location 
of  the  occupant  relative  to  the  impact  load,  nor  does  it  consider 
the  energy  absorption  or  the  transmissibility  of  the  structure* 

•  There  is  very  little  verified  modeling  of  the  human  body  to 
account  fbr  critical  body  modes.  The  Dynamic  Response  Index 
(DKC)  Is  one  such  model  which  can  be  used  to  determine  the 
potential  of  a  vertebrae  compression  injury.  The  Gadd  Severity 
Index  is  available  as  a  measure  of  brain  damage. 

c  There  is  little  data  available  on  human  tolerance  to  lateral 
•  loads,  and  consequently  modeling  of  injuries  due  to  lateral 
'  motion  is  sparse. 

CONSISTENT  CRASHWORPHTSESS  CRITERIA 


Since  occupant  survivability  is  the  objective  of  a  satisfactory  crash- 
worthy  design,  it  is  desirable  to  maintain  acceleration  levels  and  the 
rate  of  change  of  acceleration  at  the  occupant's  location  at  or  belov 
human  tolerance  levels,  while  the  structure  surrounding  the  occupant's 
habitable  shell  remains  essentially  in'. act.  This  requires  that  the 
failure  mode  follow  a  desired  and  predictable  sequential  pattern.  The 
weakest  link  in  this  concept  is  the  lower  fuselage  structure,  followed 
by  the  restraint  system  and  then  the  support  structure  of  the  upper 
masses.  Upon  initial  impact  the  acceleration  levels  that  the  occupanu 
and  structure  experience  are  a  function  of  the  lower  fuselage  energy 
absorption  capability,  ac  -rail  as  the  tvansmissability  characteristics 
of  the  structure.  To  maintain  a  constant  load  factor  requires  that  the 
stroke  of  the  fi/selege  increase  as  the  square  of  the  impact  velocity. 
However,  as  the  stroke  increases,  th*  energy  absorbed  increases,  which 
Implies  an  increase  in  the  weight  of  the  lower  fuselage,  acting  as  an 
absorber.  If  the  iuput  energy  exceeds  the  absorbing  capability  of  the 
lower  fuselage,  the  remaining  energy  must  be  absorbed  by  the  structure 
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supporting  the  remaining  vehicle  mat; a  and  the  occupant*. 

The  allowable  load  factor  will  be  reached  or  exceeded  at  a  higher  contact 
velocity,  which  requires  the  structure  between  the  occupant  and  floor  to 
deflect  an  additional  increment  of  distance.  The  limiting  impact  is  e. 
function  of  the  available  stroke  and  acceptable  weight  increase  for 
absorbing  energy,  Meanwhile  the  upper  aircraft  structure  must  also 
exhibit  sufficient  energy  absorption  capability  to  provide  e  habitable 
shell  around  the  occupant.  As  with  the  lower  structure,  the  energy 
absorption  capability  and  che  structural  strength  of  the  supporting 
structure  mast  be  compatible  with  the  upper  masses  so  that  they  will  not 
collapse  prior  to  the  lower  structure ' 6  performing  its  energy  absorption 
work.  The  sequence  of  failure  described  above  pointedly  depicts  the 
major  problem  in  developing  meaningful  decign  criteria  for  aircraft 
crashworthiness.  'The  design  criteria  must  be  established  within  limit¬ 
ations  on  parameters  such  as  loading  sequence,  space,  weight,  and 
operating  parameters  to  maintain  acceptable  acceleration  levels  end 
rate  of  change  of  acceleration  for  the  occupants.  Furthermore,  the 
criteria  must  maintain  compatibility  between  the  various  types  of  struc¬ 
tures  of  which  the  major  structural  elements  are: 

(1)  the  crushable  fuselage  structure. 

(2)  the  occupant  retention  system  (seats). 

(3)  the  major  mass  items  such  as  engine  and  transmission. 

If,  in  a  crash  situation,  the  aircraft  drifted  in  addition  to  impacting 
vertically,  the  resultant  velocity  vector  would  be  more  significant  than 
either  velocity  component.  The  structure,  in  this  instance,  would  be 
less  capable  of  handling  the  higher  combined  loading  condition  since  it 
is  designed  for  a  unidirectional  load.  However,  the  veneral  concepts 
regarding  consistency  of  design,  discussed  e surlier,  would  be  as  applicable 
for  combined  loading  as  for  uniaxial  load’ng  conditions. 

The  proposed  consistent  crashworthiness  design  criteria  approach  aa 
Influenced  by  structural  wel(,ht  and  covf:  juration  considerations  is  shown 
in  Figure  101.  The  landing  gear  and  cru-diaole  fuselage  structure  between 
tue  impact  point  and  the  ceat  support  is  the  first  area  of  interest,  in 
developing  a  crashworthy  design.  Loads  resulting  from  deformation  of 
the  gear  and  structure  In  response  to  a  given  impact  sin\  speed  are 
compered  with  tne  occupant  tolerance  to  loads.  Provider*;  strength  in 
this  area  Is  beneficial  up  to  a  point.  Should  the  ioal  levels  during 
;he  landing  gear  failure  and  fuselage  crushing  mode  cxcae'l  that  which 
can  be  tolerated  by  the  occupant,  then  the  energy  absorbed  does  not 
serve  a  useful  purpose  because  the  occupant  does  not  survive. 
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The  meximust  strength  of  the  occupant  seat  support  and  restraint  systetr 
should  by  auch  that  they  are  retained  even  if  the  occupant  is  injured 
non-fatally.  Borover,  the  strength  of  the  seat  support  and  restraint 
system  sfc-vuld  not  be  below  _evels  which  can  be  tolerated  by  the  occupant. 
A  consistent  design  would  dictate  that  the  strength  of  the  occupant  seat 
support  and  harness  be  equal  to,  or  greater  than,  the  loads  imposed  dur¬ 
ing  the  period  of  landing  gear  failure  and  fuselage  structure  crushing. 
Once  these  levels  have  been  attained,  additional  energy  can  be  absorbed 
by  controlled  failure  of  the  seat  structure.  During  the  period  that 
energy  is  being  absorbed  the  structure  surrounding  the  occupant  must 
have,  as  a  minimum,  the  strength  to  withstand  the  loads  Imposed  without 
collapsing,  thus  protecting  the  occupant.  This  requirement  dictates 
the  strength  of  the  structure  supporting  large  mass  items  such  as  the 
engine,  the  transnrt scion  and  the  rotor  system.  Any  structural  configur¬ 
ation  changes  can  result  in  weight  changes.  If  it  is  an  increase,  its 
acceptability  will  have  to  be  determined.  If  acceptable,  the  fuselage 
structural  design  has  been  set.  However,  it  is  unlikely  that  this  will 
be  the  case  Initially,  and  other  Iterations  will  be  required.  The 
decision  as  to  whether  to  revise  the  crashworthiness  requirements  down¬ 
ward  or  to  revise  the  structural  concept  will  depend  greatly  on  whan 
structural  design  options  are  available  and  can  be  used.  Even  in  the 
event  that  the  tradeoff  studies  indicate  crpshv  rthlncss  requirements 
have  to  be  revised  downward,  this  revision  can  be  performed  in  a  logical 
manner  to  provide  the  maximum  consistent  protection  to  the  occupant 
commensurate  with  the  weight  and  configuration  requirement  constraints* 

The  application  of  the  proposed  consistent  crashworthiness  design 
criteria  approach  (Figure  101 j  is  demonstrated  with  the  use  of  the 
results  obtained  from  the  parameter  variation  study  and  the  flow  diagram 
tehovn  in  Figure  102.  For  example,  assume  that  it  is  the  intention  to 
design  to  the  95th  percentile  potentially  survivable  accident  for  a  com¬ 
bined  vertical  and  lateral  velocity  impact, 

Crasc  urthineas  of  the*,  current  vehicle,  based  on  the  combined  vertical 
later,  drop  test  and  the  envelopes  presented  in  Figure  98  5. s  somewhat 
lower  an  the  70th  percentile.  This  assumption,  of  course,  does  not 
consider  the  vehicle's  capability  under  other  circumstsncer  such  as 
striking  obstacles  ouher  than  t *0  grjund.  The  tect  result1-  indicated 
that  with  the  exception  of  a  high  potential  o'<*  spinal  injury,  as  measured 
by  the  DRI,  end  exposure  to  be  id  injury,  due  to  unrestrained  movement, 
the  vehicle  struct’ ore  and  occupants  tfould  have  e  reasonable  chance  to 
survive  an  impact  of  the  magnitude  experienced  during  the  test.  The 
occupant  exposure  -U.  injury  is  increased  by  the  lack  of  energy  absorp¬ 
tion  capability  of  the  *roop  neats  which  collapsed  without  absorbing 
any  significant  energy.  Therefore,  as  a  first  step  in  the  illustrative 
procedure  (Figure  102)  vnder  the  premises  noted  above,  the  vehicle  is 
analysed  and  determined  to  be  crashworthy  to  a  coooined  vertical-lateral 
70th  percentile,  the  f  rst  step,  therefore,  requires  that  the  environment 
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Diagram  -  Procedure  for  Determining  Crashworthiness  Capability 


be  statistically  determined  for  all  percentiles  and  that  the  load  deform¬ 
ation  characteristics  of  the  structure  he  obtained.  The  statistical  rep¬ 
resentation  of  the  environment  can  he  established  from  accident-  data. 

The  load  deformation  characteristics  are  dependent  upon  the  different 
types  of  structure  used  for  the  various  elements  of  the  vehicle  and 
vary  considerably  in  configuration*  These  data  can  be  obtained  via 
analysis  and/or  test.  However,  since  the  nonlinear  deformation  is  the 
most  significant  aspect  of  crashworthiness  structure,  analytical  pro¬ 
cedures  to  be  meaningful  will  require  teat  verification. 

The  next  step  requires  that  the  crashworthiness ‘criteria  for  the  structure 
and  occupants  he  satisfied.  This  has  to  be  accompli shed  using  an  analyt¬ 
ical  procedure  which  has  been  shown  to  be  capable  of  accurately  predict¬ 
ing  structure  and  occupant  responses  during  a  combined  velocity  impact. 
Assuming  that  thd  structure  and  occuper i  responses  meet  their  respective 
criteria  then  a  crashworthiness  capability  of  the  aircraft  for  a  spec¬ 
ified  design  configuration  and  at  a  defined  environment  level  (  *  70th 
percentile  potentially  survivable  accident  for  illustrative  purposes) 
has  been  established.  The  next  requirement  in  the  procedure  is  to 
decide  if,  a)  the  aircraft  crashworthiness  capability  exists  for  a 
higher  environment  level,  b)  the  crashworthiness  capability  is  excessive 
and  possibly  a  redesign  in  some  areas  will  be  more  efficient  (lower 
weight),  or  c)  the  results  are  satisfactory  and  no  further  analysis  is 
required.  Assuming  that,  as  was  the  situation  in  this  study,  a  95th 
percentile  capability  was  desired,  then  an  analysis  has  to  be  performed 
using  a  new  (higher)  environment  level  and  the  results  again  compared 
to  the  design  criteria.  Naturally,  if  the  criteria  is  again  met  then 
there  is  no  need  to  continue  the  analysis  except  possibly  to  investigate 
the  use  of  more  efficient  energy  absorbing  structural  elements.  However, 
as  was  the  case  in  this  study  the  present  design  configuration  'ms  inade¬ 
quate  at  the  95th  percentile  potentially  survivable  accident  level  and, 
therefore,  it  was  necessary  to  revise  the  load  deformation  characteristics 
of  structural  elements.  For  example,  if  the  engine  and  transmission 
responses  satisfied  their  respective  criteria  but  the  DRI's  were  excessive, 
then  the  energy  absorption  capability  of  the  landing  gears,  lower  fuselage 
and/or  the  seat  system  have  to  be  revised  upward  in  order  to  meet  the 
energy  requirement*  at  the  new  environment  level.  This  requires  a  deter¬ 
mination  of  new  load  deformation  data  for  the  structural  elements  of 
interest*  Changes  to  increase  the  energy  absorbed  may  result  in  increased 
structural  weight,  os  was  demonstrated  in  this  study.  In  the  event  the 
weight  requirement  increases  to  improve  the  aircraft's  crashworthiness 
capability  then  a  decision  has  to  be  made  as  to  accepting  or  rejecting 
the  Incremental  weight  increase.  A  decision  of  this  nature  should  be 
made  on  the  basis  of  the  relationship  that  exists  between  savings  from 
reduced  hardware  damage  and  losses,  medical  expenses,  and  training 
expenses  versus  increased  Initial  improvement  cost  and  added  operational 
expenses  associated  with  Increased  weight  and  the  detrimental  effect  of 
reduced  mission  capability.  It  is  envisioned  that  a  cost  tradeoff  can  be 
established  as  a  function  of  environment  level  by  taking  into  account  the 
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aforementioned  factors.  Ac  acceptable  weight  change  will  then  require 
that  the  load  deformation  input  data  be  revised  and  the  analysis  be 
repeated  to  determine  if,  at  the  higher  environment  level,  the  responses 
meet  their  respective  criteria.  If  the  weight  increase  is  considered 
excessive  then  a  determination  will  have  to  be  made  on  how  the  structure 
can  be  redesigned  to  absorb  the  required  energy  more  efficiently  (lower 
weight).  This  latter  procedure,  once  again,  requires  that  nonlinear 
load  deflection  data  for  various  structural  element  types  be  available. 
However,  if  the  structural  weight  cannot  be  reduced  via  a  reasonable 
redesign  then  the  aircraft  has  a  crashworthiness  capability  to  a  lower 
environment  level  than  is  desired.  Before  re-evaluating  the  vehicle  to 
a  lower  environment  level  a  check  should  be  made  to  determine  if  the 
previously  added  weight  is  still  consistent  with  the  requirements  of  the 
new  environment  level,  eince  weight  and  cost  are  related  to  percentile 
accident.  Once  satisfied  that  the  weight  change  is  acceptable  for  a 
particular  environment  level  then  the  analysis  can  continue.  In  the 
parameter  studies  previously  discussed  it  was  ascertained  that  for  the 
UH-1H  aircraft  configuration  analysed,  several  structural  design  changes 
if  incorporated  simultaneously  into  the  design,  would  improve  the  air¬ 
craft’s  crashworthiness  capability  to  a  95th  percentile  potentially  sur- 
vivable  accident  level,  as  defined  by  a  particular  combined  vertical 
velocity  (23  fps)  and  lateral  (18.5  fpe)  velocity,  and  would  require  an 
increase  in  weight  of  approximately  5^  of  the  current  airframe  weight. 
The  airframe  weight,  as  defined  earlier  in  the  discuss icn  regarding  the 
combined  parameter  variations,  is  considerably  less  than  the  total 
vehicle  weight. 


RESULTS  OF  THE  PROGRAM 


The  results  of  the  program  ore  summarized  as  follows: 

LITERATURE  SURVEY  AND  CRITIQUE 

A  literature  survey  and  critique  of  publications  was  completed.  Thirty- 
tvo  reports  were  reviewed.  The  literature  was  discussed  with  regard  to 
applicability  to  ten  areas  of  rotary- wing  aircraft  crashworthiness  design. 
A  literature  index  is  provided  in  Volume  II  which  further  divides  each 
report  into  specific  content  and  areas  of  applicability.  There  are  27 
such  divisions.  The  basic  contents  of  the  publications  was  reviewed  and 
commented  upon. 

ACCIDENT  REVIEW 

The  accident  analysis  performed  in  this  study  consisted  of  the  following 
data: 


•  1  summary  of  3^57  U.S.  Army  rotary  wing  aircraft  accidents 
between  the  period  .1967-71  • 

•  1  summary  of  185  U.S.  Army  rotary  wing  aircraft  cases  compiled 
in  Reference  33- 

•  209  narratives  of  major  accidents  from  USAAAVS,  the  U.  S. 

Naval  Safety  Center,  and  the  Directorate  cf  Aerospace  Safety 
Center. 

•  32  detailed  accident  cases  fro®  USAAAVS,  the  U.  S.  Naval 
Safety  Center,  and  the  Directorate  of  Aerospace  Safety 
Center. 

The  detailed  accident  investigation  was  surma riaed  in  9  comprehensive 
table  which  wa3  divided  into  three  aress  of  importance  including  kinematics, 
structural  damage  and  personnel  injury.  The  -cable  is  segmented  into  5 6 
columns.  Included  in  the  accident  inves+igation  were  13  photographs  show¬ 
ing  various  aspects  of  postcrash  damage. 

The  accident  analysis  revealed  the  following  pertinent  information: 

•  Ihe  most  significant  causes  of  injuries  and  fatalities  are 
dec-elerative  forces,  the  collapse  of  structure  into 
occupiabie  areas,  the  impact  of  occupants  with  equipment 
or  objects,  and  postcrash  fire. 
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•  The  most  frequent  structural  damage  occurs  to  the  main 
rotor  system,  transmission  and  tail  structure.  In  60$  of 
the  cases  analyzed,  the  main  rotor  blade,  tail  rotor  blade 
or  tail  boom  contacted  the  ground,  a  tree  or  another  aircraft 
prior  to  vhat  is  considered  to  be  the  helicopter  crash  im¬ 
pact.  To  a  lesser  extent  the  lower  and  upper  fuselage 
structure,  engine  and  seats  sustained  damage  during  the 


crash  accident.  Damage  to  these  structural  areas  and 
items  was  noted  in  approximately  one-third  of  the  cases. 

•  The  lateral  rollover  condition  occurs  in  approximately 
one-third  of  the  accidents  reviewed.  This  type  of  heli¬ 
copter  behavior,  after  ground  impact,  occurs  more  fre¬ 
quently  than  such  behavior  as  forward  rollover,  plowing, 
skidding  or  bouncing. 

•  A  lateral  impact  velocity  component  is  present  in  approx¬ 
imately  50$  of  the  cases  studied.  Combined  lateral- ver¬ 
tical  impacts  occur  in  43$  of  the  accidents  reviewed. 
Combined  longitudinal-vertical  impacts  occur  in  32$  of 
the  accident  cases. 

•  The  crashworthiness  design  requirements  for  components/ 
equipment  in  the  proximity  to  the  occupants  should  be 
equal  to  or  greater  than,  "G”  levels  that  can  cause  the 
occupant  serious  injuries. 

•  An  analytical  program  must  be  capable  of  predicting  the 
dynamic  response  of  a  rotary  wing  aircraft  due  to  combined 
vertical,  lateral,  or  longitudinal  impacts.  The  accident 
records  indicate  that  in  over  70$  of  the  accident  cases 
analyzed  the  crash  environment  is  multidirectional. 

SUBSTRUCTURE  TEST '  AND’1  ANALYSIS 

The  energy  absorption  characteristic  of  a  typical  aircraft  substructure 
(P2V-4  fuselage  bumper)  was  obtained  under  dynamic  loading  conditions. 

The  results  were  compared  to  available  data  from  previously  performed 
static  loading  tests.  The  results  of  the  dynamic  and  static  tests 
compared  very  favorably. 

In  addition,  the  fuselage  bumper  was  analyzed  using  a  general  shell  pro¬ 
gram  (STAGS)  which  used  the  principle  of  minimum  potential  energy  in  con¬ 
junction  with  the  finite  difference  method.  The  analytical  results  show 
general  agreement  in  the  deformation  of  the  shell  stmcture  when  compared 
to  test  data.  However,  the  analysis  showed  considerably  less  energy 
absorbed  by  the  shell  than  was  measured  in  the  test. 
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It  is  recognized  that  the  response  of  a  structure  may  vary  as  a  function 
of  the  level  of  the  impact  velocity  for  a  given  energy  (£  MV^),  and  thus 
test  results  could  change  somewhat  if  a  different  combination  of  masses 
and  velocities  were  employed.  However,  for  crash  analysis  purposes,  we 
need  only  consider  a  very  narrow  range  of  impact  velocities.  Furthermore, 
a  10$  change  in  mass  requires  only  a  5$  change  in  velocity  to  maintain 
the  same  level  of  energy. 

The  results  obtained  from  both  the  test  and  analysis  of  the  fuselage 
bumper  are  significant  in  that  the  problem  of  modeling  helicopter  struc¬ 
ture  during  a  crash  environment?  given  the  present  state  of  the  art,  is 
put  in  proper  perspective.  Ifte  dynamic  test  of  the  bumper  indicates  that 
for  some  typical  aircraft  structure  a  simple  static  test  will  suffice  when 
the  static  and  dynamic  load  deformation  characteristics  are  considered  to 
be  very  similar.  Some  structures,  on  the  other  hand,  will  behave  differ¬ 
ently  under  dynamic  loading  conditions  than  under  a  static  load  environ¬ 
ment.  A  notable  example  of  such  a  structure  is  a  column.  Elastic  buckling 
of  bars  is  discussed  in  several  references  (38  and  39)  from  which  much  of 
the  following  information  is  obtained.  A  bar  with  its  lower  end  station¬ 
ary  while  the  upper  end  moves  with  a  constant  velocity  can  be  compared  to 
an  impact  loading  situation.  Under  this  condition  of  rapid  loading,  the 
transverse  motion  of  the  column  is  retarded  by  the  inertia  of  the  mass. 

As  a  result,  the  dynamic  deflection  lags  behind  the  values  that  correspond 
to  infinitely  slow  loading.  This  lag  between  dynamic  and  static  deflections 
is  a  function  of  curvature,  velocity  propagation  of  sound  in  the  material, 
impact  velocity,  and  slenderness  ratio.  The  deflections  eventually  become 
large  and  the  axial  force  in  the  column  increases  nonlinearly.  Oscillations 
develop  and  the  mass  of  the  column  is  accelerated  sufficiently  in  the  trans¬ 
verse  direction  to  reach  the  static  value.  'Hie  inertia  forces  cause  the 
column  to  overshoot,  the  static  deflections  which  results  in  a  drop  in  the 
compressive  axial  forces  below  the  critical  static  load  (Euler  value). 
Studies  of  the  problem  of  lateral  buckling  of  an  initially  curved  slender 
bar  in  which  the  load  acts  for  a  very  short  interval  of  time  have  shown 
that  the  column  can  safely  withstand  compressive  forces  larger  than  the 
Euler  critical  load  provided  the  duration  of  the  load  is  sufficiently 
short. 

The  results  of^  the  substructure  test  and  analysis  indicate  that: 

•  Static  tests  are  sufficiently  accurate  to  define  the  dynamic 
load  deformation  characteristics  for  some  typical  aircraft 
structure.  The  fuselage  bumper  tested  in  this  program  is 
one  such  typical  structure.  However,  for  some  structures, 
most  notably  columns  or  bars,  static  tests  cannot  accurately 
determine  the  dynamic  load  deformation. 
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•  The  current  state  of  the  art  finite  element  methods  have 
severe  limitations  when  applied  to  crashworthiness  studies. 
These  analytical  methods  can  accurately  predict  load  deform¬ 
ation  for  different  types  of  structures  in  the  elastic 
regime.  However,  since  during  a  crash  impact  elastic  deform¬ 
ation  accounts  for  only  a  small  fraction  of  absorbed  energy, 
an  analysis  to  be  useful  as  a  predictive  tool  must  account 
for  plastic  deformation. 


•  A  reasonably  accurate  finite  element,  or  difference  method 
of  determination  of  load  deflection  characteristics  of 
aircraft  3'bructures  which  are  subjected  to  impact  loads, 
will  require  a  substantial  cost  in  engineering  modeling 
and  computer  run  time.  The  result  f  this  study  indicates 
that  the  analysis  of  an  aircraft  structure  similar  to  the 
P2V-4  bumper,  using  finite  difference  methods  would,  as 

a  minimum,  cost  twice  as  much  as  required  to  perform  e 
dynamic  test  to  obtain  the  structure's  nonlinear  load 
deformation  characteristics.  Modeling  for  nonlinear 
behavior  requires  accounting  for  changes  in  geometry, 
boundary  condition  and  loading  condition. 

•  The  present  analytical  3tate  of  the  art,  although  crude  and 
coBtly,  does  offer  advantages  over  testing  in  some  respects. 

An  analysis  may  not  be  capable  of  predicting  the  exact  quan¬ 
tities;  however,  if  the  analysis  can  accurately  predict 
correct  trends,  then  this  information  can  be  utilised  in 
determining  quantitative  design  levels.  Thus,  the  effects 
of  design  changes  on  the  structural  response  of  the  aircraft 
can  be  reliably  assessed.  The  ultimate  design  will  probably 
require  testing  even  if  relatively  accurate  analytical  methods 
could  be  developed. 


COMPUTER  PROGRAM 

A  computer  program  (KRASH)  was  developed  which  computes  the  time  history 
response  of  N  arbitrarily  interconnected  lumped  masses.  The  program  has 
the  capability  to: 

•  Define  six  degrees  of  freedom  (DOF)  at  each  representative 
location,  including  trariBlational  and  rotational  accelera¬ 
tions,  velocities  and  displacements. 

•  Determine  accelerations,  velocities  and  displacements  at 
each  time  interval. 

•  Determine  forces  and  displacements  for  each  member  at  each 
time  interval. 
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•  Treat  up  to  40  masses  (24-0  DOF)*  and  plot  results* 

•  Provide  for  general  nonlinear  stiffness  properties  in  the 
plastic  regime  and  determine  permanent  deformation. 

•  Provide  for  the  application  of  different  types  of  load- 
limiting  devices. 

•  Determine  how  and  when  a  rupture  of  an  element  takes  place. 

•  Define  mass  penetration  into  an  occupiahle  volume. 

•  Provide  for  ground  contact  by  external  structure  including 
rotor  blade  contact. 

•  Provide  for  internal  damping  and  ground  coefficient  of 
friction. 

•  Include  a  measure  of  spinal  injury  potential  to  the  occupants, 
l.e«,  Dynamic  Response  Index. 


QUALITATIVE  ANALYSIS 

A  qualitative  analysis  was  performed  using  program  KRASH  for  the  purpose 
of  showing  that  the  program  is  capable  of  predicting  structural  responses 
to  combined  vertical- lateral  crash  impact.  The  analysis  was  performed  for 
three  impact  conditions.  The  results  were  compared  with  previously  pub¬ 
lished  data  and  the  trends  were  consistent  with  expectations.  The  results 
were  summarized  in  tabular  form  and  included  the  peak  decelerations  of  the 
engine,  transmission  and  floor,  fuselage  deformation,  and  subjective 
estimates  of  component  failures. 

EXPERIMENTAL  PROGRAM 

A  drop  test  was  performed  with  a  UH-1H  helicopter.  The  impact  velocities 
were  23  fps  (vertical),  18.6  fps  (lateral.),  and  0  fps  (longitudinal).  The 
drop  test  program  consisted  of: 


Quantity  Item 

2  preliminary  swing  tests 

2  preliminary  low-level  drop  tests 

2  landing  gear  strain  gage  time  histories 

1  fuselage  deflection  rod 

9  high-speed  cameras  Including  two  mounted  onboard 

_ _ _ the  vehicle 

#60  mass  (360  DOF)  without  plotting  capability 
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Quantity  Item  j 

i 

2  regular-speed  documentary  cameras 

24  acceleration  time  histories 

/ 

24  integrated  velocity  time  histories 

24  integrated  displacement  time  histories  l 

13  filtered  (100-cps,  low-pass)  acceleration  time 

»  histories 


1  film  approximately  20  minutes  in  length  showing 

pretest  activities,  the  drop  test  at  high  ipeed 
(500-1000  frames/sec),  and  posttest  damage; 
review. 

lhe  vehicle  sustained  the  following  damage  during  the  test: 

i 

•  failure  of  the  landing  Bkida 

•  deformation  of  the  lower  fuselage  and  side 

•  buckling  of  the  floor 

•  collapse  of  the  nine  troop  seats  located  at  and  aft  of 
F.  S.  8l 

o  slight  yaw  rotation  of  the  engine 

•  fracture  of  the  tail  boon 

*. 

•  fuel  spillage  (UH-1H  test  vehicle  was  not  equipped  with  a 
crash  resistant  fuel  system) 

All  the  passengers  exhibited  a  displacement  in  the  direction  of  the  lateral 
impact.  From  observation  of  the  posttest  damage  and  dynamic  response 
analysis,  using  a  DRI  model,  it  was  judged  that  a  high  potential  for  a 
vertebra  compression  injury  existed  for  the  rear  left-side  passengers . 

To  a  leaser  degree,  the  copilot  and  pilot  would  be  exposed  to  a  similar 
Injury.  The  movement  of  the  passengers  as  a  result  of  the  impact 
Indicated  potential  for  other  injuries  resulting  from  seat  collapse, 
flailing  of  the  body,  and  possible  contact  with  internal  structures,  i.e., 
seat  braces  aft  of  passengers  at  F.  S.  117* 

The  results  of  the  helicopter  drop  test  show  that: 

«  The  impact  velocities  of  23  fpe  vertical  and  18.6  fps 
lateral  were  high  enough  to  cause  permanent  structural 
deformation,  yet  low  enough  that  a  meaningful  correlation 
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could  be  achieved.  The  test  conditions  provided  an 
excellent  opportunity  to  exercise  the  capability  of  pro¬ 
gram  K3ASH  to  analyse  large  deformation  nonlinear 
responses.  Damage  to  the  vehicle  wried  from  "little” 
at  the  engine  and  transmission  to  "extreme"  at  the  mid 
and  aft  fuselage.  If  the  entire  vehicle  had  experienced 
severe  damage,  the  modes  of  failure  would  be  difficult  to 
Identify  and,  consequently,  the  verification  of  the  ability 
of  the  analytical  program  to  describe  a  crash,  would  be 
greatly  impaired. 

•  Measurements  of  accelerations  should  be  obtained  as  near 
a  rigid  mass  location  as  possible  to  provide  meaningful 
correlation.  Acceleration  data  from  fi  .lage  locations 
are  representative  of  responses  but  not  necessarily  the 
forces  that  are  acting.  It  Is  extremely  unlikely  that, 
for  a  lumped  mass  representation  of  the  fuselage,  the 
analytical  and  test  accelerations  at  the  floor  can  be 
directly  compared,  '"he  test  data  is  expected  to  show 
higher  peak  accelerations  resulting  from  localized  panel 
and  plate  responses.  These  responses,  however,  generally 
represent  very  little  force. 

•  The  reduction  of  test  data  to  include  low-pass  filtering 
and  integration  of  the  acceleration  response  to  obtain 
velocities  and  displacements  should  be  included  in  the 
development  of  test  plane.  The  low-pass  filtering  allows 
a  comparison  to  be  made  between  ieet  data  and  analytical 
predictions  which  is  not  hampered  by  high-frequency  oscilla¬ 
tions,  many  of  which  are  local  responses.  The  integrated 
values,  however,  may  present  inaccuracies  depending  on  the 
validity  of  the  recorded  data  and  the  method  of  integration 
that  is  used. 

CORRELATION 

The  UH-1H  helicopter  drop  test  data  waa  correlated  with  an  .analytical  model 
consisting  of  31  masses  (186  D.O.?.)  end  38  springs.  Ifte  results  of  the 
analysis  compared  favorably  to  the  test  data  in  the  following  areas; 

•  sequence  of  events 

a  times  of  occurrence  of  major  events 

a  vehicle  motion 

•  fuselage  deflection  and  deformation 

!  •  engine  and  transmission  time  histories  of  acceleration, 

velocity  and  displacement. 
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'  •  engine  and  transmission  support  mount  deflections 

"i 

Analytical  results  showed  lower  fuselage  accelerations,  both  vertically 
snd  laterally,  than  did  the  test  data.  However,  it  is  surmised  that  the 
accelerations  obtained  from  the  test  include  responses  of  local  struc¬ 
tural  modes  and  are  not  representative  of  the  force  that  is  transmitted 
to  the  rest  of  the  structure.  ' ' 

»  t 

\ 

The  correlation  study  indicated  that  the  proper  representation  of  the 
structure  presented  some  significant  modeling  difficulties.  For  example: 


1.  The  response  of  the  major  mass  items  (i.e.  engine  and  transmission) 
is  highly  dependent  on  the  load  deflection  characteristics  of  the  lower 
structure  (skids  and  fuselage}  and  the  relationship  between  the  stiffness 
of  these  major  mass  items  with  respect  to  the  frequency  of  the  force  pulse 
transmitted  via  the  floor.  The  analytical  representation  of  the  floor  with 
a  limited  numbfer  of  masses  effectively  acts  as  a  filter  and  transmits  a 
low-frequency  (<10  cps)  force  to  the  attached  structure.  With  the  aid 
of  the  sketch  of  a  half  cycle  sine  pulse  excitation  (for  a  system  initially 
at  rest),  one  can  see  that  the  relationship  between  excitation  frequency 
and  natural  period  of  the  transmission  or  the  seat  or  the  engine  masses 
on  their  respective  supports  is  a  significant  factor.  Damping,  although 
a  factor,  is  not  as  significant  since  we  can  realistically  expect  it  to 
be  In  a  narrow  range,  i.e.,  5#  to  10#  of  critical. 
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*’“l  =  maximum  response 

€P  =  excitation 

C/_  »  percent  of  critical 
damping 
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The  ttx lass  response  of  the  ^pper  mass  element*  le,  therefore,  a  function 
of  the  stiffness  regimes  of  the  various  elements  at  any  time  during  the 
impact  environment.  In  this  respect,  the  nonlinear  behavior  of  the  lower 
fuselage,  seat  system,  engine  and  transmission  mounts  is  very  critical  in 
ascertaining  the  correct  acceleration  and  deflection  responses. 

2.  Correlation  with  a  given  set  of  test  data  may  require  a  compromise  be~ 
tween  acceptable  accelerations  and  deflections.  The  modeling  of  the  engine 
mounts  in  this  particular  study  illustrates  this  dilemma.  The  following 
sketch  shows  three  choices  of  load  deflections  representing  the  engine 
mounts: 
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Strictly  speaking,  these  arc  not  actual  vertical  load  versus  vertical 
deflection  curves.  These  are  the  axial  loads  versus  axial  deflections 
of  beam  elements  4-7  and  5-7,  the  engine  supports,  which  in  the  model 
used  are  inclined  froax  vertical.  Due  to  this  inclination,  bending  occurs 
which  increases  the  vertical  loads  above  those  shown  for  a  given  verticel, 
deflection. 

For  Case  A,  two  separate  curves  vere  used  for  4-7  and  5-7;  for  Cases  B 
and  C  the  two  be.'tn  characteristic*  are  identical.  The  following  table 
shows  the  peak  vertical  acceleration  on  the  engine,  the  time  of  its  occur¬ 
rence,  and  the  maximum  axial  deflections  of  beam*  4-7  and  5-7  for  a  drop 
teat  correlation  run. 


Care 

Engine  G  Peak 

Time  of  G  Peak 

Jtaxinu®  Axial  f 

Deflection  of  Engine  Support I 

mksuhh 

5-7 

A  / 

25- S 

.129 

.o4o 

.128 

25-7 

.13^ 

.057 

.168 

c 

17.6 

.146 

.47 

1,00 

As  vould  be  exported,  goin<c  to  progressively  softer  engine  taunts  lowers 
the  vertical  acceleration,  increases  the  tiny  at  which  the  peak  accelera¬ 
tion  occurs,  a  tic’  increases  the  maximum  axial  deflections  of  the  engine 
supports.  The  results  of  A  and  B  appear  to  be  quite  similar,  whereas  C 
shows  a  drastic  reduction  of  vertical  acceleration  and  increase  in  beam 
deflection. 

It  is  felt  that  the  correct  results  are  a  compromise  of  the  above  cases, 
Based  on  drop  test  results,  the  engine  vertical  acceleration  is  about  25 
,0's  at  .110  sec.  Engine  deflections  were  not  measured,  but  peak  value® 
appear  to  be  less  than  .375  inches.  Thus,  the  G  levels  from  runs  A  or  B 
are  appropriate,  although  the  times  of  occurrence  are  a  little  late.  How¬ 
ever,  the  deflection  of  element  4-7  is  too  low  in. cases  A  and  B,  and  much 
too  high  (for  both  elements)  in  case  C. 

What  is  apparently  required  for  correlation  with  test  results  is  a  load- 
stroke  curve  such  as  L,  shown  in  dashed  lines.  The  initial  high  stiffness 
would  give  the  correct  peak  Iced,  and  the  rapid  reduction  in  load  capability 
would  give  the  necessary  deflection.  This  case  wae  not  run  since  there  ia 
no  test  data  available  to  verify  the  actual  load  deflection  character! otic s 
beyond  the  elastic  limit  .  The  discussion  on  the  engine  mount  modeling  is 
also  applicable  to  the  transmission  mount  representation  . 


The  results  of  the  analytical  model  of  the  UH-1H  used  in  the  correlation 
with  the  combined  vertical- lateral  velocity  drop  test  date  were  also  com¬ 
pered  to  higher  vertical  velocity  (30  fps)  drop  test  data,  published  in 
Reference  3*  The  use  of  this  additional  date  provided  a  second  level  of 
impact  energy  with  which  to  further  evaluate  structural  nonlinear  behavior. 

In  particular,  the  engine  and  transmission  mounts  at  the  higher  vertical 
impact  condition  sustained  damage  not  obtained  during  the  combined  23  fps 
vertical  velocity  and  18.5  fps  lateral  velocity  drop  test.  Correlation  of 
model  KRASH  analytical  data  with  the  two  sets  of  test  data  further  emphasizes 
the  need  to  obtain,  via  test,  proper  load-deflection  characteristics  of  the 
structure.  The  transmission  modeling  for  the  two  different  energy  level 
conditions  is  used  to  Illustrate  this  particular  point.  The  sketch  below 
shows  two  transmission  load  deflection  curves  us ad  in  the  analysis  to 
obtain  agreement  with  both  sets  of  independent  test  data. 


Transmission  Load 
Deflection  Curvd  for 
Correlation  of  Com¬ 
bined  Vertical-Lateral 
Velocity  Test. 

Transmission  Load 
Deflection  Curve 
for  30  fps  Vertical 
Impact. 

Maximum  Deflection 
Obtained  Analytically 
(Correlation) 

Appropriate  Modeling 
Region 


Without  the  higher  energy  level  data  (30  fps  vertical  velocity  impact) 
it  would  be  difficult  to  accurately  predict  the  load  deflection  character¬ 
istics  of  the  transmission  after  the  soft  mounts  bottom.  By  the  same  token, 
with  the  lower  velocity  impact  data  it  would  be  Just  as  difficult  to  ascer¬ 
tain  the  transmission  mount  failure  point.  The  combined  vertical-lateral 
velocity  impact  teat  data  indicates  that  the  transmission  survives  intact 
despite  experiencing  approximately  27  G’s  in  the  vertical  direction,  which 
far  exceeds  the  crash  load  requirement  for  the  mounts.  Thus,  the  cross- 
hatched  region  represents  a  range  within  which  the  results  are  expected  to 
give  reasonable  agreement  for  both  the  lower  energy  (23  fps  vertical  velocity) 
and  the  higher  energy  (30  fps  vertical  velocity)  Impact  levels. 

In  addition  to  correlation  with  the  combined  vertical- lateral  impact  test 
data,  analytical  results  were  compared  to  previous  30  fps  vertical  velocity 
drop  taat  data.  The  results  of  the  comparison  showed  good  agreement  in  the 
following  areas: 

a  The  time  of  occurrence  for  peak  floor  accelerations. 

•  Peak  floor  acceleration  levels  (accounting  for  the  effect  of 
low-pass  filtering) 

e  Initial  peak  transmission  and  engine  acceleration  levels. 

•  Maximum  transmission  mount  deflection. 


However,  the  analytical  results  understated  +he  maximum  engine  deflection 
for  reasons  stated  earlier. 


The  correlation  results  show  that: 

Computer  program  KRASH  is  capable  of  predicting  structural  responses  of  a 
helicopter  during  a  combined  vertical- lateral  velocity  crash  impact. 

i 

The  most  significant  limitation  to  analysing  structural  responses  during 
a  survlvable  crash  is  the  lack  of  available  large  nonlinear  load  deflection 
data'  for  fuselage  structure  and  major  mass  component  mounting  configurations. 
Stress  analysis  and  static  tests  generally  provide  information  defining  the 
structure  and  support  mounts5  load  deflection  characteristics  up  to  yield. 
However,  during  a  crash  environment,  the  nonlinear  deflection  of  the  struc¬ 
ture  represents  the  significant  aspect  of  the  problem. 

The  development  of  an  analytical  program  requires  verification  with  test 
data.  The  correlation  between  analysis  and  test  crash  data,  to  be  mean¬ 
ingful,  must  Include  comparison  of; 

•  Peak  responses  and  deflections 
.  •  Vehicle  motion 

•  Sequence  of  events 

•  Time  of  occurrence  of  major  events 

•  Velocity  and  displacement  changes 

•  Response  shapes 

•  Fuselage  deflection  and  deformation 

The  development  of  functional  analytical  models  capable  of  predicting  the 
structural  response  of  rot&ry-ving  aircraft  during  a  crash  condition  is 
enhanced  with  the  utilisation  of  test  data  obtained  at  more  than  me  impact 
energy  level.  Data  obtained  from  a  test  in  which  all  elements  deform  into 
the  plastic  regime  impairs  the  ability  to  identify  important  load  deforma¬ 
tion  characteristics  of  the  various  structural  elements,  i.e.,  the  level  at 
which  the  major  mass  elements  supporting  mount  will  behave  nonlineariy. 

Good  correlation  of  analysis  with  test  data  from  a  70th  percentile  poten¬ 
tially  survlvable  accident  with  combined  vertical  and  lateral  velocities 
(approximately  the  level  of  the  drop  test  performed  in  this  study)  and  a 
75th  percentile  potentially  survlvable  accident  (30  fps  vertical)  enhances 
the  degree  of  confidence  one  can  expect  of  the  analysis. 

PARAMETER  STUDIES 


The  results  of  31  parameter  variation  computer  runs  are  included  in  this 
report.  Individual  parameter  variations  were  made  which  include  changes 
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to  the  following  item  et  various  percentile  accident  levels: 

•  Landing  gear  load  limit 

•  landing  gear  stroke 

•  Fuselage  load  limit 

•  Fuselage  stroke 

•  Fuselage  load  limit  and  load  stroke 

i 

•  Engine  mount  stiffness 

e  Transmission  mount  stiffness 

•  Seat  load  stroke  curve 

The  results  of  the  individual  parameter  variation  study  were  tabulated 
and  summer i zed  and  then  us?  >.  to  formulate  a  set  of  combined  parameter 
trials.  The  c outlined  parameter  studies  determined  acceptable  crashworthy 
design  possibilities  at  the  combined  95th  percentile  potentially  survlv- 
able  accident  level  and  related  the  design  changes  to  potential  incremental 
weight  increases. 

The  results  of  the  parameter  studies  indicate  that: 

1.  Improved  crashworthiness  criteria  can  be  developed  with  the  proper 
combinations  of  design  changes  to  increase  the  energy  absorption  capa¬ 
bility  of  the  structure.  In  particular  significant  improvement  can  be 
made  with  increased  landing  skid  stroke,  improved  fuselage  load  absorb¬ 
ing  characteristica,  and  a  substantial  seat  load  stroke.  Although 
improvements  can  theoretically  be  obtained  via  increased  stiffness  of 
the  transmission  and  engine  mounts,  these  areas  may  present  conflicts 
with  operational  requirements.  Furthermore,  buckling  of  the  engine 
mount  appears  tolerable  since  the  occupants  are  not  in  immediate  dan¬ 
ger  due  to  collapsing  structure  when  the  engine  fails  in  a  control- 
able  manner. 

2,  The  dynamic  response  of  the  occupants  differ  depending  on  their  loca¬ 
tion  with  respect  to  the  point  of  impact  and  on  the  motion  of  the 
vehicle  subsequent  to  the  initial  impact.  The  parameter  studies  showed 
that  the  responses  of  the  rear  and  forward  seated  occupants,  with 
identical  seat  systems  and  weights,  experience  peak  forces  at  much 
different  times  and  that  the  maximum  seat  deflections  also  differ  con¬ 
siderably. 


3.  A  design  Change  which  alters  the  load  deformation  characteristics  of 
the  landing  gear  a  kid  and/or  lower  fuselage  can  substantially  change 
the  response  of  the  occupant  and  seat,  the  engine  and  the  transmission. 
The  design  change  can  affect  the  time  history  of  the  response  as  well 
as  the  peak  acceleration  levels  since  in  a  dynamic  system  there  is  a 
greet  dependence  on  relative  stiffnesses  and  natural  frequencies  of 
the  various  structural  elements.  To  a  lesser  extent,  total  system 
responses  are  sffected  when  individual  and  independent  changes  are 
made  to  the  load  stroke  characteristics  of  the  seat,  engine  and  trans¬ 
mission-,  The  prime  factors  which  contribute  to  the  level  of  response 
and  the  time  of  occurrence  of  their  respective  maximum  values  include: 

•  structural  load-deflection  characteristics 

•  structural  element  failure  modes 

•  environmental  load  levels 

a  direction  of  the  forces 

•  vehicle  motion  after  impact 

These  factors  must  be  evaluated  taking  into  consideration  the  interdepen¬ 
dency  that  exists  between  the  structural  elements  in  a  dynamic  system.  It 
is  this  interdependency  that  results  in  shifts  in  peak  loads,  deflections 
and  failure  times  of  occurrence  when  structural  configuration  changes  are 
made. 

DESIGN  CRITERIA 

Consistent  crashworthiness  preliminary  design  criteria  approach  is  presented 
The  proposed  approach  is  baaed  on  providing  a  predictable  sequential  failure 
pattern  for  the  vehicle  structure  and  its  major  masses.  The  approach  main¬ 
tains  compatibility  between  the  essential  structural  elements  such  as  the 
crushabie  fuselage,  the  occupant  restraint  system,  the  engine  and  the  trans¬ 
mission.  With  the  aid  of  the  parameter  study  results  the  use  of  the  pro¬ 
posed  design  criteria  approach  is  illustrated.  The  consequence  of  potential 
weight  increases  in  order  to  achieve  a  crashworthy  design  at  a  higher  envir¬ 
onmental  level  is  integrated  into  the  procedure  as  is  the  use  of  analytical 
tools  capable  of  predicting  structural  and  occupant  dynamic  response  during 
a  crash.  The  demonstration  of  the  application  of  the  proposed  consistent 
crashworthy  preliminary  design  criteria  showed  that  for  design  changes 
investigated  during  the  parameter  studies,  the  tradeoff  bet’  eea  incremental 
weight  versus  improved  crashworthiness  can  be  graphically  depicted  as 
shown  in  the  sketch  on  the  next  page. 


PERCEtmu;  ACCIDENT  (CRASEK0E3HY  DESIGN) 


CONCLUSIONS 


1.  Digital  computer  program  KRASH  is  capable  of  satisfactorily  pre¬ 
dicting  the  dynamic  responses  of  rotary-wing  aircraft  during  a 
crash  environment  vith  a  combined  vertical-lateral  impact  velocity. 

2.  The  most  significant  limitation  to  analytically  simulating  structural 
responses  during  a  high  energy  impact  is  the  lack  of  available  large 
nonlinear  structural  element  load  deflection  characteristics . 

3.  KHASH  is  capable  of  facilitating  preliminary  design,  by  assessing 
through  parameter  variation  studies  the  effect  of  structural  changes 
on  the  vehicle's  crashworthiness  capability.  Parameter  variation 
studies  conducted  during  this  effort  provide  pertinent  data  which  can 
be  utilized  to  assess  the  incremented,  weight  requirements  necesseiry 
to  design  to  or  near  the  95th  percentile  potentially  survivable  acci¬ 
dent. 

4.  The  dynamic  responses  of  the  engine,  transmission  and  occupants  are 
greatly  dependent  on  the. 'degree  of  crushing  that  occurs  within  the 
lower  fuselage  and  the  manner  in  which  the  major  mass  support  mounts 
plastically  deform. 

5.  Consistent  crashworthiness  design  takes  into  consideration  the  crash 
impact  environment,  human  tolerance  limits,  structural  load  deforma¬ 
tion  characteristics,  and  incremental  weight,  cost  and  configuration 
penalties  while  treating  the  vehicle  as  an  integrated  system. 

6.  Main  rotor  blade  Impacts  with  the  terrain  and/or  trees,  penetration 
of  occupiable  spaces  by  the  transmission  and/or  rotor  blade  and 
lateral  rollover  during  ground  impact  each  occur  in  at  least  l/3 

of  the  accident  cases  reviews.  Program  KRASH  has  provisions  forj 

a)  blade  impact 

b)  ma88  penetration  into  an  occupiable  volume 

c)  lateral  and  longitudinal  forces  in  addition  to  vertical 
forces 

7.  Current  finite  element  analytical  techniques  are  severely  limited 
for  use  in  complete  vehicle  crashworthiness  analysis  due  to  cost  .and 
size  requirements.  However,  finite  element  methods  can  b<  utilized 
to  determine  substructure  load  deformation  data  for  subsequent  use  in 
crashworthiness  studies. 
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RECOMMENDft-TIOHS 


1.  Perform  additional  correlation  studies  utilizing  available  test 

and  accident  data,  for  the  purpose  of  improving  analytical  prediction 
capability. 

2.  initiate  a  program  to  Include  snalysis  and  test  for  the  purpose  of 
determining  the  nonlinear  load  deflection  characteristics  of  pertinent 
farms  of  structural  elements  under  dynamic  loading  conditions. 

3.  Institute  a  consistent  crashworthiness  preliminary  design  criteria 
approach  which  will  provide  for  a  predictable  and  desired  sequence 
of  structural  failure  that  vill  afford  the  occupants  the  greatest 
opportunity  for  survival  for  an  acceptable  weight  penalty. 

4.  Investigate  the  development  of  mathematical  models  for  current -and 
future  U.S.  Army  helicopters.  Analytical  models  once  established 
and  verified  will  be  able  to  enhance  structural  design  trade  off 
studies  and  accident  investigation  analysis  for  different  types  of 
aircraft. 

/ 

5.  Perform  research  and  development  to  ascertain  design  requirements 
for  improved  fuselage  energy  absorption  during  high  rate  vertical 
impacts,  sideward  impacts  and  lateral  rollovers.  Determine  design 
requirements  for  transmission  retention  and  maintainability  of 
occupiable  space. 
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